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ABSTRACT 
 
 
The Role of Dietary Highly Unsaturated n-3 Fatty Acids in Northern Quahogs, Mercenaria 
mercenaria, through Decreasing Temperature 
 
by 
 
Sixto Emil Portilla 
 
 
Adviser:  Prof. Brett F. Branco 
 
For the bivalve aquaculture industry, the over-winter period begins when cultured northern 
quahogs, Mercenaria mercenaria, are set in the environment during the fall and ends as they are 
recovered in the spring in preparation for the growing season.  Anomalous and geographically 
variable mortality affects this species during the over-winter period in the temperate climate; 
sometimes claiming 100% of individuals.  These episodes of high mortality, striking without 
warning and revealed only at the end of the overwinter period, pose a great financial risk to the 
industry. 
Several research efforts have identified factors that influence mortality associated with two 
phases of the overwinter period:  prolonged periods of isothermal winter lows, and the warming 
approach to spring.  Others have described the physiological processes in M. mercenaria related 
to a third phase, the period of decreasing temperature in autumn, but to date there are no studies 
available which quantify mortality resulting from that seasonal timeframe.   
A literature review revealed that incorporation of two highly unsaturated fatty acids, 20:5n-
3, eicosapentaneoic acid, and 22:6n-3, docosahexaneoic acid, are effective agents of acclimation 
to decreasing temperature at the cellular level, also known as homeoviscous adaptation.   These 
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fatty acids contribute greatly to membrane fluidity and are abundant, but variable, in M. 
mercenaria’s plankton diet.  Data from prior studies suggest that these compounds, when available 
through their diet, facilitate greater degrees of homeoviscous adaptation than relying solely on 
endogenous fatty acid synthesis. 
The series of investigations described in this thesis were designed to assess the effect of 
diet on mortality through decreasing temperature in two genetic varieties of M. mercenaria 
important to the natural environment and the aquaculture industry: “wild” from natural stocks and 
“notata” selected for fast growth.  Data from these novel investigations demonstrate a temperature 
specific sensitivity to each dietary component designating 20:5n-3 as homeoviscously favorable 
in the upper thermal range above 12°C, and 22:6n-3 as favorable in the lower.  Statistical analyses 
of variance demonstrate distinct cumulative mortalities among the 5 dietary treatments (P < 0.05) 
for each genetic variety at each thermal range, upper (>12°C) and lower (<12°C).    A linear 
regression revealed negative relationships with low variance of mortalities of wild and notata 
subgroups, R2 = 0.9326 and 0.6966, respectively, for variable dietary DHA abundances in the 
lower range (n = 15); and positive relationships with low variance of mortality of wild and notata, 
R2 = 0.6002 and 0.8622, respectively, for EPA when incorporated as “unfavorable” within the 
lower thermal range (n = 12).   
These findings introduce a framework for understanding the relationship between plankton 
fatty acids and juvenile quahog mortality through seasonally decreasing temperature.  They also 
present a potentially useful measure in the quahog aquaculture industry to reduce mortality through 
decreasing temperatures: dietary treatments tailored to thermal range.  Future research will be 
necessary to fully realize this potential.  
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PREFACE 
 
The temperate estuary is a dynamic set of terrestrial and marine features which transform 
dramatically with revolving seasons.   Resident populations comprising the fabric of its ecology 
thrive or decline according to their ability to adapt to a seasonally changing environment.  Its 
biodiversity forms a complex web of ecological services, yet it is the persistent occupation by 
keystone species which serve as a locally stabilizing force over time (Mills et al. 2003).   
In the case of Great South Bay, New York, an estuarine system on the south shore of Long 
Island, natural populations of the indigenous northern quahog, Mercenaria mercenaria, (also 
known as the hard clam) at one period in its recent history was so abundant (Figure 1) that their 
annual harvest provided over half of the nation’s market consumption (Kraeuter et al. 2005). 
However, overharvesting during the 1960s and 1970s contributed greatly to their demise resulting 
in population densities below the capacity for natural recruitment (Kraeuter et al. 2008).  During 
the mid-1970’s populations of these filter feeding bivalves had the capacity to filter the entire 
volume of Great South Bay in about 2.5 days; filtering capacity during the early 1990’s increased 
to 25 days (Kassner 1993).   
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Figure 1. Annual quahog harvest, Mercenaria mercenaria, from Great South Bay, New York.  
(Chart from New York State Department of Environmental Conservation.) 
 
The quahog diet consists in large part of the planktonic communities of microalgae drifting 
about the bay’s water column.  The proliferation of microalgae in all its forms requires the uptake 
of nitrogen, phosphorus and a host of micronutrients for the synthesis of its growing biomass.  
Their drawdown of nutrients from the water column keeps in check the anthropogenic inputs of 
nutrients from local wastewater treatment plant discharge, groundwater seeps laden with septic 
system nutrients, agricultural and storm water runoff, and atmospheric deposition (Kaufman et el. 
1983).  Grazing of microalgae by formerly abundant quahogs and the subsequent removal of 
quahog biomass through harvesting served to sequester excessive anthropogenic nutrient loading.  
The dramatic reduction in grazing pressure wrought by the rapid decline of quahog populations 
has likely effected ecological change.   
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Nowadays, nutrients drawn down from the water column by microalgae are in large part 
returned to the water column through plankton death and decomposition in the form of dissolved 
organic matter (DOM); consequently, the nature of the plankton assemblage has changed (Gobler 
et al. 2002).  Plankton species which can assimilate DOM have begun to thrive, and there has been 
a marked increase in the occurrence of harmful algal blooms since the mid-1980s that impact 
quahogs and other bivalve species (Greenfield  et al. 2004; Wazniak and Glibert 2004; Gobler et 
al. 2005; Padilla et al. 2006; Przeslawski et al. 2008).  Decades of population surveys have revealed 
that nearly thirty years of efforts exerted to revitalize natural quahog population in Great South 
Bay, by imposing harvest limits and restocking the bay with locally spawned juveniles, have not 
produced any gains in quahog population density (unpublished data from Town of Islip, NY).  
Scientific inquiry has shifted to the physiology of M. mercenaria to identify obstacles to their 
natural recruitment.  A great source of information comes from commercial aquaculture of this 
species and speaks to the challenges faced by M. mercenaria in terms of diet, growth and survival.   
Mortality derived from the over-winter period varies both geographically and in 
magnitude, and poses the most substantial threat to the aquaculture industry and the recovery of 
natural populations (Bricelj et al. 2006). Mortality associated with the over-winter period stems 
from three temporal divisions with unique thermal features:  the autumnal period of temperature 
decrease, the period of prolonged winter lows, and the post-winter period of rising temperature.    
Much attention has been devoted to survival at isothermal low temperature of mid-winter, 
during which period elevated production of “heat shock” proteins signify the presence of thermal 
stress (Bricelj et al. 2006).  At prolonged low temperature, Monica Bricelj and co-authors (2006) 
observed 10% mortality of juvenile quahogs at 7.1±0.3°C after one month.  A more substantial 
mortality, progressive in character, struck after three weeks at 1°C (Bricelj et al. 2007); and in a 
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separate study at 3°C in juvenile manila clams, Tapes philippinarum, and juvenile palourdes, Tapes 
decussatus (Laing and Child 1996).  Conversely, mortality of juveniles at the approach to spring, 
after long periods without feeding during winter lows below 6°C (Grizzle et al. 2001), has been 
associated with a depletion of carbohydrate reserves to less than 10% total biomass (Zarnoch and 
Scheibman 2008), exacerbating cumulative over-winter mortality. 
Reports describing the physiological challenges faced by M. mercenaria during autumn 
cooling period, however, is sparse, and those data do not offer quantitative analyses of mortality 
during this period.  Prior studies demonstrate juvenile M. mercenaria remodel cellular membranes 
as they acclimate to low temperature (Pernet et al. 2006), demonstrating sequential increases in 
two distinct highly unsaturated fatty acids (HUFAs) which are abundant in their natural diet of 
marine plankton.  These data suggest a provocative exchange of membrane n-3 fatty acids through 
decreasing temperature, yet its significance was not articulated in the published work of Pernet 
and co-authors. 
The hypotheses tested in this work were derived from those results and of the multitude of 
other publications on cell membrane acclimation to decreasing temperature.  The series of 
examinations contained herein investigate how particular dietary n-3 fatty acids derived from the 
natural plankton assemblage may impact the ability of M. mercenaria to acclimate to decreasing 
temperature.   
 
Objectives  
Chapter one is a literature review of factors contributing to acclimation of poikilothermic 
organisms, including bivalve mollusks like M. mercenaria, under conditions of decreasing 
environmental temperature.  Therein is a discussion of Hulbert’s theory of cell membranes as 
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pacemakers of metabolism (Hulbert and Else 1999) and the phenomenon of homeoviscous 
adaptation of cell membranes through changing temperature (Sinensky 1974).  This chapter 
assembles a logical pathway of theory and observable phenomenon which identify two dietary 
components abundant in marine microalgae, the highly unsaturated fatty acids, 20:5n-3 
(eicosapentaenoic acid or EPA) and 22:6n-3 (docosahexaenoic acid or DHA), with structural 
features likely important in the physiological acclimation to low temperature.   
The novel perspective presented here, derived from these prior published works, serves in 
the establishment of two hypotheses:   
H1.  Varying the dietary abundances of 20:5n-3 and 22:6n-3 will influence the 
magnitude of juvenile quahog mortality as they adapt to decreasing 
temperatures.   
H2. High dietary 20:5n-3 will reduce juvenile quahog mortality through 
decreasing temperatures above 12˚C, and high dietary 22:6n-3 will reduce 
mortality through decreasing temperatures below 12˚C.   
A series of objectives was then assembled to test these hypotheses: 
1. Establish a relationship between controlled dietary abundance of each fatty acid, 
20:5n-3 and 22:6n-3, and mortality of juvenile quahogs during a natural autumn, 
declining temperature profile with random fluctuations.   
2. Compare the performance of groups of juvenile quahogs feeding from the natural 
environment to the dietary controlled groups to assess reliability of the 
relationships established in the first objective. 
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3. Conduct a supplemental experiment with controlled diets and a controlled, mild 
temperature decrease to discern the effect of fluctuating temperatures on 
homeoviscous adaptation and mortality.  
The remainder of the thesis is organized as a progressive unfolding of lessons learned 
through these investigations.  Chapter two is a chronicle of the preliminary experiment designed 
to meet the first and second objectives, in which the response of 6 groups of juvenile quahogs were 
surveyed through the decreasing temperature regime of fall 2011 in Great South Bay.  Four were 
administered controlled, cultured diets with a matrix of 20:5n-3 and 22:6n-3 availability, and the 
remaining two were subjected to (uncontrolled) natural seston.  Results of this trial demonstrated 
the patterns of mortality associated with temperature decline and diet indeed support the 
hypotheses described in H1 and H2.  However, the overall trend of temperature decrease through 
the 75-day investigation included periods of thermal fluctuations and rapid change which may 
have impacted results creating false agreement with them.  A supplemental experiment was thus 
designed to meet the third objective, in which two groups of juvenile quahogs were subjected to a 
mild, even temperature decrease to eliminate effects of a capricious temperature change on 
mortality.  This experiment and its results are described in detail in Chapter three.   
Chapter four further applies these results to the natural world by re-evaluating a published 
account of juvenile M. mercenaria mortality through the lens of homeoviscous adaptation.  Water 
temperature data coupled with the dietary attributes of the known, recorded plankton communities 
at the two locations were reconsidered, and the data fit the linear regression model with high 
coefficient of determination.   
Chapter five summarizes these themes within a contemporary environmental context by 
discussing (1) how results of these experiments answer the research questions, (2) the abiotic 
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factors influencing dietary availability of 20:5n-3 and 22:6n-3 in estuarine systems, and (3) how it 
speaks to improve survival of cultured first-year juvenile M. mercenaria and future efforts to 
restore quahog populations in Great South Bay, New York. 
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Chapter one 
 
The influence highly unsaturated fatty acids on cell membrane fluidity through 
temperature change: a primer for understanding homeoviscous adaptation in juvenile 
Mercenaria mercenaria 
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Abstract 
Aquacultured northern quahogs, Mercenaria mercenaria, set in the environment for over-
wintering have experienced episodes of anomalous, highly variable and site specific over-winter 
mortality.  Prior research have revealed factors likely contributing to mortality during isothermal 
winter lows, when M. mercenaria do not feed, and during the warming period which heralds the 
approach of spring.  However, a recent synthesis of prior studies suggests juvenile M. mercenaria 
survival during the pre-winter period of temperature decrease may be subject to the timely dietary 
availability of two highly unsaturated fatty acids, 20:5n-3 (eicosapentaenoic acid or EPA), and 
22:6n-3 (docosahexaenoic acid or DHA), and the biosynthesis of the non-methylene interrupted 
fatty acids, 22:2Δ7,13 and 22:2Δ7,15. 
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Introduction  
Natural populations of the temperate bivalve, Mercenaria mercenaria, (northern quahog) occur in 
northeastern United States and reach their northern most extent in Eastern Canada.  They reside in 
the sediments of the benthic and intertidal zones and derive their diet from particulate matter 
(seston) found in the water column.  When M. mercenaria feed, their valves (upper and lower 
shells) open exposing the tubular incurrent siphon, which extends into the water column and 
channels water to their gills. Retained food particles are ultimately channeled to their stomach 
where most extracellular digestion takes place (Grizzle et al. 2001). Their gills trap particles above 
4 microns with high efficiency, but lose retention progressively below this size.  Microalgae are 
predominantly within the size range of good retention.  Picoplankton, such as the brown tide alga, 
Aureococcus anophagefferens, are small form whose average size is approximately 2 microns in 
diameter, and are not fully retained in M. mercenaria gills. 
Successful aquaculture of this species depends on the survival of first-year juveniles 
through long, cold over-winter periods when they cease feeding and endure a period of low 
metabolic activity below 6°C (Grizzle et al., 2001).  Aquacultured quahogs placed in grow-out 
bags and set in the environment in the fall experience variable, site specific mortality by spring 
when they are recovered (Bricelj et al., 2007).  Episodes of significant livestock loss that pose a 
threat to the industry have prompted scientific inquiry to identify factors contributing to these 
losses.  Investigations into mortality have largely focused on prolonged, isothermal low 
temperature of the over-winter period, and subsequent warming period approaching the spring 
season.  Bricelj et al. (2007) found significant mortality occurs progressively after 3 weeks 
exposure at 1°C.  Zarnoch and Schreibman (2008) monitored physiological parameters of juvenile 
M. mercenaria for 3 fall/winter/spring periods in situ during which they determined that a 
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depletion of glycogen stores to less than 10% of total soft tissue was associated with mortality.  
Since the reported depletion of energy reserves occurred gradually over the course of long winters 
and into spring they called it winter/spring mortality.   The faster growing notata strain has been 
found more susceptible to this phenomenon (Zarnoch & Schreibman, 2008) due to their higher 
metabolic demand.  Zarnoch and Sclafani (2010) reported cumulative mortality almost twice that 
of the native strain, and notata can experience as low as 0% survival by the end of the winter/spring 
period (Gionet et al., 2009).    
But mortality of quahogs during the seasonal cooling period in autumn, as temperatures 
approach winter lows, has not received as much attention.  Falling temperature has a keen and 
predictable effect on cell membrane fluidity: as temperature declines membrane phospholipids 
become more rigid (Gaughran,1947; Sinensky, 1971; Los et al., 1993; Vigh et al., 1993; Suutari 
et al., 1995; Gillis & Ballantyne, 1999).  This response is revealed through performance monitors 
such as suppressed growth rate, clearance rate of algal suspended diet, and oxygen consumption 
(Suutari et al., 1995; Pernet et al., 2006; Bricelj et al., 2007; Zarnoch & Schreibman, 2008; Zarnoch 
& Sclafani, 2010) and culminates when growth ceases completely (Suutari et al., 1995; Grizzle et 
al., 2001; Bricelj et al., 2007).   
Prior investigations have demonstrated that M. mercenaria remodel cell membrane lipids 
in response to seasonally declining temperature (Pernet et al., 2006; Parent et al., 2008).  Analysis 
of data from these studies suggests acclimation to low temperature may be enhanced by 
incorporation of 20:5n-3 (eicosapentaenoic acid or EPA), 22:6n-3 (docosahexaenoic acid or DHA) 
and the non-methylene interrupted (NMI) fatty acids 22:2Δ7,13 and 22:2Δ7,15 (22:2 NMIs). 
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Factors affecting membrane fluidity in poikilothermic organisms 
Metabolism is functionally linked to cell membranes (Elbrink & Bihler, 1975), and Hulbert’s 
theory of membranes as pacemakers of metabolism suggests the degree of polyunsaturation of 
membrane phospholipids is correlated with cellular metabolic activity (Hulbert & Else, 1999).  The 
proposed mechanism for this phenomenon describes increased incidence of membrane protein 
collisions with two-carbon unsaturated units (C=C).  Higher occurrence and dispersal of these 
units offers higher energy transfer through the depths of the phospholipid bilayer and counters the 
suppressing effect of low temperature on metabolic activity in addition to its role in maintaining 
membrane fluidity.   
Poikilotherms demonstrate a keen sensitivity to temperature induced changes in membrane 
viscosity (Los & Murata, 2004) and increased cell membrane fatty acid desaturase activity in 
response to low temperature has been detected in as little as 10 minutes in the protozoan, 
Acanthamoeba castellanii (Jones et al., 1993).   Although this swiftness might not be extrapolated 
directly to higher organisms it is helpful to understand what takes place at the uni-cellular level in 
order to formulate a perspective of the nature and timing of acclimation to temperature decrease 
in M. mercenaria. 
Increased cell membrane incorporation of unsaturated fatty acids (UFAs) in poikilotherms 
is recognized as a means of acclimating to decreasing temperature.  Although UFAs are 
individually more rigid due to their integration of one or more double bonds, the ratio of 
unsaturated to saturated fatty acids in the phospholipid bilayer affects its collective fluidity; a 
higher ratio creates more flexible, less viscous cell membranes.  It is likely responsible for the 
ability of M. mercenaria to sustain a continuum of metabolic activity as environmental 
temperatures approach winter lows.  It follows a pattern observed by Sinensky (1974) in 
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Escherichia coli whereby changes in the unsaturation of newly synthesized membrane 
phospholipids effect constant membrane viscosity through changing temperature. This 
phenomenon was dubbed homeoviscous adaptation (HVA) and can be tracked through the 
unsaturation index.   
The unsaturation index is calculated as the sum of the molar % of unsaturated fatty acids 
multiplied by the number of their double bonds.  Its major contributors in juvenile M. mercenaria 
soft tissue biomass are 20:5n-3 (EPA) and 22:6n-3 (DHA) because of their multiple double bonds, 
5 and 6 respectively, and their abundance in M. mercenaria’s marine plankton diet.  The effect on 
membrane fluidity of EPA and DHA has been verified through numerous studies involving a wide 
range of organisms (Gillis & Ballantyne, 1999; Hall et al., 2002; Hulbert, 2003; Weber, 2009).  
 
Role of EPA and DHA in Mercenaria and other bivalves during thermal decline 
Few investigations chronicling the dynamic changes of incorporated fatty acids in bivalves during 
the period of acclimation to low temperature have been reported.  Pertinent elements gleaned from 
those available studies serve to create a perspective relating thermal decline, cellular membrane 
remodeling, diet and survival.    
Pernet et al. (2006) performed a rigorous physiological investigation of energetics and lipid 
remodeling of juvenile M. mercenaria during the autumn approach to winter.  Their data reveal a 
rising trend in the molar percent of EPA during the early temperature decline with a concomitant 
drop in DHA (Figure 1a).  At lower temperatures the opposite trend occurred as incorporation 
favored DHA (Pernet et al., 2006).  It was not established, however, whether this phenomenon was 
merely an artifact of a seasonally high availability of EPA and DHA in their plankton diet as 
suggested by Albentosa et al. (1996) and De Moreno et al. (1976), or if these compounds were 
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decidedly biosynthesized through systematic elongation and desaturation activity (Russell & 
Nichols 1999) at great energetic expense.  Nonetheless, their sequential incorporation might be the 
key to distinguishing their relative importance in bivalve acclimation to low temperature.  Fabrice 
Pernet, the principle author of Pernet et al. (2006), reported negligible mortality in their juvenile 
M. mercenaria for the duration of study into spring (Fabrice Pernet, pers. comm.).   
 
 
Figure 1a. 
 
 
Figure 1b. 
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Figure 1a and b.  Shifts in the prefered incorporation of EPA and DHA during the seasonal 
temperature declines of two investigations.  a) Changes in relative amounts of 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in juvenile northern quahogs, 
M. mercenaria, through decreasing temperature.  EPA increased during early in the 
temperature decline, 23.7°C to 13.7°C, from August 11 to October 6, 2003, and DHA increased 
during later, 13.7°C to 0°C, in New Brunswick, Canada (data from Pernet et al. 2006), and b) 
increases in EPA and DHA in a 2006 study of adult M. mercenaria, (data from Parent et al. 
2008). 
 
In a subsequent study on adult M. mercenaria, Parent et al. (2008) reported a shift in the 
magnitudes of increase in EPA and DHA favoring EPA incorporation during the early decline 
from 20.5°C to 12°C (Figure 1b); then an increase in DHA with concomitant decrease in EPA 
during the later decrease from 12°C to the cessation of feeding at 6°C.  This shift occurred in spite 
of the opposite trend of relative abundance in their seston diet (Parent et al., 2008) suggesting 
incorporation may be selective with respect to EPA and DHA.  Alternatively, M. mercenaria may 
be endowed with the capacity to convert between EPA and DHA as needed, or to manufacture its 
own highly unsaturated fatty acids diminishing the importance of exogenous supply. This notion 
runs counter to results of De Moreno et al. (1976) who suggested EPA and DHA are not 
manufactured the marine bivalve they examined, rather they must be provided by diet.   
 
Biosynthesis of EPA and DHA in bivalve mollusks 
De Moreno et al. (1976) investigated whether the yellow clam, Mesodesma mactroides, has the 
capacity to synthesize EPA and DHA by modifying their n-3 precursors which would be provided 
to them.  They administered 14C labeled [alpha] α-linolenic as free fatty acids in their medium and, 
over time, they were assimilated and converted to higher homologous fatty acids.  But of the ten 
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percent of 14C recovered in the lipid fraction of clam biomass none was found in EPA or DHA.  
They concluded that over the 12 hour experiment M. mactriodes was unable to synthesize these 
end products.  But the environmental conditions provided for these organisms during the De 
Moreno et al. (1976) experiment may not have been conducive to the synthesis of these highly 
unsaturated fatty acids (HUFAs).  The manifestation of such capacity might only be realized in 
response to a particular set of conditions, specifically as a response to temperature induced changes 
in cell membrane viscosity.   
Several examples support this notion.  A category of cold inducible genes in cyanobacteria 
cited in a review by Los and Murata (2004) describes fatty acid desaturases that are responsible 
for adjusting membrane fluidity.  As fluctuations in temperature modulate membrane fluidity, so 
these genes are activated to counter their effect.  In Synechocystis sp., the heightening of gene 
expression governing membrane fluidity is sensitive not to temperature itself but to the magnitude 
of the temperature shift (Los et al. 1993, Vigh et al. 1993).  It follows that an experimental design 
must provide sufficient thermal decline in order to solicit a specific genetic expression of HUFA 
synthesis.  Under the isothermal conditions provided by De Moreno et al. (1976) it is unlikely that 
M. mactroides would synthesize HUFA regardless of ability. 
In a subsequent study Waldock and Holland (1984) demonstrated that Pacific oysters, 
Crassostrea gigas, actually do have the capacity to elongate and desaturate dietary fatty acids to 
form DHA.  They added 14C labeled sodium bicarbonate to the medium in which the juvenile 
oyster’s diet was cultured: a mix of Dunaliella tertiolecta and Tetraselmis suecica, both devoid of 
DHA.  Two feeding trials for the young oysters, maintained at 24°C ±1°C, yielded 0.3 and 0.9 
molar % respectively, of 14C labeled DHA.  On the surface these results seem to contradict the 
findings of De Moreno et al. (1976), albeit different species of bivalves were studied.  Rather, they 
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emphasize the sensitivity of C. gigas to even the slightest change in temperature: 2°C.  Over the 
5-day period within which they were fed radiolabeled algal culture, this seemingly insignificant 
rise and fall of temperature may have occurred repeatedly, accounting for the trivial build-up of 
radiolabeled DHA as a homeoviscous adaptive response over time.   
Despite the conclusion of Waldock and Holland (1984) that “elongation and desaturation 
activity was too low to sustain optimal growth in juvenile C. gigas,” their results provide evidence 
for the ability of C. gigas to synthesize DHA.  EPA synthesis is thus inferred as it is positioned 
within the biosynthetic pathway of DHA as described by Monroig et al. (2013).  The low elongase 
and desaturase activity encountered during this investigation may be a sensible mode of operation 
for juvenile C. gigas within the context of a cost/benefit economy since the indulgence of rapid 
growth under isothermal conditions may not justify the energetic expense of prolific DHA 
biosynthesis.  Fulco’s (1974) study of Bacillus qualifies this judicious approach.  Abundant 
synthesis of unsaturated fatty acids occurs in response to temperature change while “under normal 
growth conditions, (they) do not produce significant amounts of unsaturated fatty acids” (Fulco 
1974). 
The temperature regimes described in the Pernet et al. (2006) and Parent et al. (2008) 
investigations likely induced the signal for HUFA biosynthesis.  A proposed pathway for the 
biosynthesis of DHA (22:6n-3) at the lower temperature range may be achieved through elongation 
of EPA (20:5n-3), and the Δ4 desaturation of 22:5n-3 or the further elongation of 22:5n-3 to 24:5n-
3 followed by Δ6 desaturation and peroxisomal β-oxidation as described by Monroig et al. (2013).   
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Role of non-methylene-interrupted fatty acids (NMIs) in poikilotherms 
In the event dietary availability of EPA and DHA does not satisfy the homeoviscous demand of 
falling temperature, de novo synthesis of non-methylene-interrupted fatty acids (NMIs) may fulfill 
their role in maintaining membrane fluidity.  NMIs are not common in the plankton diet of filter 
feeding bivalves like M. mercenaria, so they must be synthesized.  Indeed, high concentrations of 
NMIs in phospholipids have been found in reverse relation to EPA and DHA (Klingensmith, 
1982), which supports a notion that mollusks compensate for low dietary availability by 
manufacturing these functional substitutes (Barnathan, 2009).  
During the earlier recorded decline in temperature in the Pernet et al. (2006) study a drop 
of 0.7 molar % DHA was met with an increase of 0.9 molar % 22:2 NMIs.  Likewise in the latter 
temperature decline a drop of 1.25 molar % EPA was met with 0.7 molar % rise in 22:2 NMIs 
(Figure 2).  Although the quantitative losses and gains among these three fatty acids are not 
balanced, their sum remains largely true to the role of increased unsaturation in maintaining cell 
membrane fluidity.  
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Figure 2.  Observed changes in molar % DHA (22:6n-3) and EPA (20:5n-3) as 22:2 NMIs 
increase with declining temperature: quantitative representation, (data from Pernet et al. 
2006). 
 
These compounds, because of the unusual location of their double bonds, have a phase 
transition around 10°C lower than similar PUFA with conventional, methylene interupted double 
bond placement (Pirini et al., 2007; Zakhartsev et al., 1998) and may be incorporated to lower the 
phase transition of cell membrane phospholipids to maintain fluidity through decresing 
temperature.  They are synthesized through a 5-step elongation and desaturation of palmitic acid, 
16:0 (Zhukova, 1991), which is abundant within the fatty acid profiles of marine phytoplankton.  
As membrane unsaturation is associated with homeoviscous adaptation to decreasing temperature 
(Martin et al., 1976), transformation of the saturated 16:0 to 22:2 NMIs in M. mercenaria may be 
driven by it.   
 
Cold induced mortality in poikilotherms 
Patterns of observations reported by Witherington and Ehrhart (1989) in several species of marine 
turtles suggest a high rate of temperature decrease may suppress acclimation of these marine 
ectotherms and effect mortality.  The observed phenomenon was dubbed “hypothermic stunning.”  
Smaller individuals would be more susceptible to suffer from abruptly decreasing temperature 
through more rapid thermal conduction (Witherington & Ehrhart, 1989).  In like manner, it would 
be expected that first year juvenile M. mercenaria would belong to the size class most susceptible 
to mortality through hypothermic stunning.  The critical point in the hypothermic stunning of 
poikilotherms occurs when the rate of temperature change approaches the rate at which they can 
successfully adjust membrane viscosity.   
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The important role of diet through changing temperatures 
Sinensky (1971) demonstrated that growth media containing fully formed SFAs facilitated growth 
at greater thermal extremes in E. coli than media devoid of SFAs.  The results suggest that when 
temperature approaches their growth limit, exogenous supplementation of fatty acids favorable to 
the direction of temperature change (saturated for acclimation to higher temperature, and 
unsaturated fatty acids for acclimation to low) extend successful homeoviscous adaptation beyond 
the temperatures limited by endogenous production alone.   
In higher organisms, dietary availability of preformed HVA-specific fatty acids may also 
facilitate a quicker, less energy demanding response to thermal change for poikilotherms.  An 
optimal homeoviscous diet for filter feeding bivalve mollusks, like M.  mercenaria, would require 
a coordinated sequence of plankton high in n-3 HUFAs specific to the thermal ranges mentioned 
above.  A study by Ventrella et al. (2008) suggests molar percentages of seston EPA and DHA 
may vary with temperature favoring the sequential trends suggested here (Figure 3).  However, 
these values are dependent on plankton community dynamics which in turn are impacted by 
environmental conditions (Weiss et al., 2002; Weiss et al., 2007).   
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Figure 3.  Seasonal variation in plankton EPA and DHA in Adriatic Sea. (Data from Ventrella 
et al. 2008). 
 
Alternative mechanisms to modify membrane fluidity 
Several other cold-adaptive mechanisms employed by poikilotherms have been identified in 
environments devoid of exogenous HUFA.  They arise from their effect on membrane fluidity.  
For example, cholesterol plays a role in cellular membrane fluidity (Crockett, 1998).   Their rigid 
steroid nucleus increases order in the region to which they are bound, thus decreasing fluidity 
(Cooper 1978).  An increase in the phospholipid to sterol ratio would thus be a homeoviscous 
adaptive response to decreasing temperature.  The value of this ratio as a reliable indicator of 
fluidity in M. mercenaria is questionable, though, as trends in reported fluctuations vary greatly 
among genetic variety and site of origin within their natural geographical range (Pernet et al., 2006; 
Parent et al., 2008).   
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The strength of the Van Der Waals interactions between lipid molecules is largely 
responsible for the phase transition temperature of the bilayer; longer acyl chains command greater 
attraction and higher phase transition.  Phospholipids containing a higher proportion of short chain 
fatty acids (SCFA) in like manner begin to solidify at a much lower temperature than do 
phospholipids favoring long chain fatty acids (LCFA) (Cronan & Gelmann, 1975).  Eliasz et al. 
(1976) confirmed this phenomenon through their work on model bio-membranes using differential 
scanning calorimetry.  They determined that membranes composed of phospholipids having fatty 
acids with 10 carbons or less have lower phase transition compared to those having 12 or more.  
Suutari et al. (1995) observed that yeast cells shorten fatty acids in response to temperature 
decrease.  In their investigation of Saccharomyces cerevisiae two mechanisms, desaturation and 
shortening, continued throughout an incrementally decreasing temperature and sampling regime.  
As the experimental medium approached the lower growth temperature extreme, S. cerevisiae first 
lost its ability to shorten at 3.9°C, followed by its ability to desaturate at 2.6°C (Suutari et al., 
1995).  In the absence of exogenous HUFA the fluidizing effect of SCFA incorporation may be a 
useful tool.  But longer chain fatty acids with multiple double bonds are still preferred over shorter 
FAs in HVA (Figure 4).  They provide fluidity by lowering the phase transition temperature while 
maintaining a degree of packing order (Russell & Nichols, 1999), and they facilitate cellular 
metabolic activity (Hulbert & Else, 1999).   
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Figure 4.  Phase transition of 2 varieties of phosphatidylcholine (PC). Stearic acid, 18:0, in 
both sn-1 and sn-2 positions yields phase transition of 55°C, while juxtaposition of α-linoleic 
acid, 18:2n-6, and stearic acid yields phase transition at -15°C (Lee 1991). 
 
The effect of individual fatty acids on membrane fluidity can be explained by examining 
their order and placement within the membrane phospholipid structure of phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE).   Of the two fatty acids that make up these 
phospholipids, the stereospecific numbering (sn) position and coupling has great influence on 
phase transition.  For example, PC baring the juxtaposition of stearic acid, 18:0, and linoleic acid, 
18:2n-6 (Figure 4) in the sn-1 and sn-2 positions, respectively, remains fluid down to -15°C (Lee 
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1991), while stearic acid in both positions would yield a 55°C melting point; solid at mammalian 
body temperatures (Hulbert et al. 2005).  The juxtaposition of longer, more unsaturated fatty acids 
like EPA, DHA, and the two species of 22:2 NMIs synthesized by M. mercenaria (Figure 5) serve 
to further increase fluidity through declining temperature. 
 
 
 
Figure 5.  Two-dimensional representations of 18:0, stearic acid, 18:2n6, α-linoleic acid, and 
two highly unsaturated fatty acids, 20:5n-3, eicosapentaenoic acid, and 22:6n-3, 
docosahexaenoic acid, and the non-methylene interrupted fatty acids, 22:2Δ7,13 and 
22:2Δ7,15.  All unsaturated fatty acid double bonds are shown in trans-configuration. 
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The cis/trans configuration of double bonds also affects the collective fluidity of cell 
membranes.  The trans-configuration of the double bond acts to straighten the acyl chain at the 
double bond position, thereby promoting tight packing of the fatty acid acyl chains in the 
phospholipid bilayer.  The cis-configuration, on the other hand, creates a more kinked structure.  
Integration of these cis-configured fatty acids in the cell membrane loosens the packing order and 
contributes to its fluidity.   
This mechanism was observed in the gram-negative bacterium, Pseudomonas putida as the 
solvent, 4-chlorophenol, was added to its medium as a fluidizing agent (Diefenbach & Keweloh, 
1994).  The cis- configuration of oleic acid, 18:1-9c, was converted to the trans-configured, 18:1-
9t, (Figure 6) through its free rotation at the double bond position, effectively returning the acyl 
chain to a one dimensional unit of the phospholipid array.  This arrangement allows for a tighter 
packing order and a decrease in membrane fluidity similar to 18:0 acyl chain saturated with 
hydrogens (Figure 5).  It was shown that the reconfiguration does not require an intermediate 
saturation in the double bond position and its independence from ATP labels it as a negative free 
energy reaction (Diefenbach & Keweloh, 1994).  Okuyama et al. (1991) demonstrated a similar 
response in the psychrophilic bacterium, Vibrio sp., to adjust its membrane fluidity in response to 
temperature change. 
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Figure 6.  The cis- and trans- configurations of Oleic acid, 18:1n-9c and 18:1n-9t. 
 
A critical point in the cold adaptive process for M. mercenaria occurs when the rate of 
temperature decline approaches the rate at which they can adapt membrane fluidity.  At the 
approach to low phase transition temperature, cell membrane lipids begin to solidify and growth 
ceases. To demonstrate that cis/trans isomerase (Cti) activity occurs even in the absence of cell 
growth Heipieper et al. (1992) subjected non-growing P. putida to the fluidizing effects of four 
different concentrations of 4-chlorophenol added to their media.  They demonstrated that through 
an overall conservation of palmitelaidic acid (16:1), increases in 16:1trans were measured with 
concomitant decreases in the 16:1cis (Figure 7; Heipieper et al. 1992). 
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Figure 7.  Conversion of 16:1cis (9-cis-hexadecenoic acid; ▪) to 16:1trans (▫) in non-growing 
cells of Pseudomonas putida P8.  Total 16:1 (Δ) is conserved.  From Heipieper et al. (1992). 
 
 
Although the cis-trans isomerization reaction does not have the same effect on membrane 
fluidity as the unsaturation index (MacDonald et al., 1985; Killian et al., 1992), reconfiguration is 
accomplished rapidly (Heipieper et al., 2003). This ability could provide for M. mercenaria a low 
energy means of homeoviscous adaptation independent of exogenously available HUFA, when the 
rate of temperature decline has overcome its capacity for growth.   
It must be noted that the only direction of cti-isomerase activity reported through scientific 
experimentation is in the cis-to-trans direction effecting membrane order and rigidity through 
temperature increase and addition of ambient fluidizing agents.  No scientific data supporting the 
trans-to-cis reconfiguration effecting increased membrane fluidity through cooling has been 
reported.    
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Discussion 
A hierarchy of machinery is available to poikilotherms summoned to cope with increasing cell 
membrane viscosity resulting from decreasing temperature.  Results of the investigations cited 
above suggest that cis-trans isomerase activity, acyl chain shortening, increased unsaturation in 
general, and the sequential incorporation of the highly unsaturated fatty acids (HUFAs) EPA and 
DHA in particular, have all been identified as responses to increasing membrane viscosity.  Despite 
the singular focus of each of these investigations, nothing suggests multiple pathways are not 
employed at once.  Of all the mechanisms discussed here, circumstance dictates which one will be 
summoned at any point in time.  However, the chance of acquiring dietary n-3 HUFAs favorable 
to the temperature regime is the optimal means as it (1) eliminates the need to modify or synthesize 
them de novo for the biosynthesis of new membrane phospholipids and (2) has a complementary 
effect of increasing metabolic activity.  When a homeoviscously poor diet presents itself and all 
other fluidizing means have been exhausted, increasing membrane viscosity hindering metabolic 
function will likely usher in mortality.   
 
Conclusions 
Published data describing the relationships among seasonal temperature decline in the temperate 
zone, availability of fatty acids in natural environment and mortality is sparse. Investigations which 
chronical the concurrent application of all of the mechanisms reported in this chapter would serve 
to establish a more comprehensive hierarchy than could be offered here.  Additionally, the 
classification of magnitudes of temperature change and an index of their effect on mortality with 
respect to diet would aid in the development of a best practices application to prevent livestock 
mortality during the seasonal temperature decline of temperate regions.  This could be achieved 
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by targeting time-and temperature-specific dietary supplementation before over-winter 
deployment.  The northern quahog aquaculture industry may thus improve over-winter survival of 
first-year juveniles, the most vulnerable size class (Witherington and Ehrhart, 1989; Laing and 
Child, 1996).  Considering the consequences of high overwinter mortality to the bivalve 
aquaculture industry this topic represents fertile ground for investigation.   
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Chapter two 
 
Preliminary investigation into the effects of two dietary fatty acids, 20:5n-3 and 22:6n-3, on 
mortality of juvenile Mercenaria mercenaria during the approach to winter 
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Abstract   
Changes in the molar percentages of two omega-3 fatty acids, 20:5n-3 (eicosapentaenoic acid or 
EPA) and 22:6n-3 (docosapentaenoic acid or DHA), occur in juvenile northern quahogs, 
Mercenaria mercenaria, as descending autumn temperatures approach winter lows in the 
temperate zone.  Incorporation of these highly unsaturated fatty acids (HUFAs) compensates for 
the effect of low temperature on cell membrane viscosity by lowering the phase transition of 
membrane phospholipids.  Prior studies have demonstrated that the ability of bivalve mollusks, 
like M. mercenaria, to manufacture these compounds de novo does not exist or may be limited at 
best.  Insufficient exogenous supply of EPA and DHA, therefore, may restrict their ability to 
overcome the inhibiting effect of high viscosity on cell membrane phospholipids during this 
interval.  In the present study a matrix of cultured algae containing various quantities of these 
compounds was administered to 4 groups of juvenile M. mercenaria, both wild and notata strains, 
as they adapted to low temperature.  The group receiving most abundant EPA experienced lower 
mortality during the early-phase of the temperature decline, between 18°C to 12°C and the one 
receiving most abundant DHA experienced lower mortality during the late-phase, from 12°C to 
6°C.  The group receiving abundant DHA also experienced best overall survival following a rapid 
5-day drop in temperature which descended into the lower thermal range, below 12˚C.  The strain 
native to the local region suffered between 31% and 117% higher mortality than the notata strain, 
selected for fast growth, during the 75-day period of temperature decline from 18°C to 6°C. 
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Introduction 
As described in Chapter 1, declining temperatures of the autumn season of the temperate climate 
present physiological challenge to poikilothermic organisms, like M. mercenaria. As cellular 
membrane lipids approach their phase transition, cessation of growth and metabolic function looms 
(Gaugran 1947). Juvenile M. mercenaria remodel cellular membrane lipids in response to 
decreasing temperature (Pernet et al. 2006).  Integration of unsaturated fatty acids into cell 
membrane phospholipids effects a disruption in their packing order, thereby increasing membrane 
fluidity.  As decreasing temperature approaches the phase transition of phospholipids, increased 
incorporation of unsaturated fatty acids into the phospholipid bilayer lowers their viscosity and 
maintains constant membrane fluidity.  Change in membrane viscosity which occurs in response 
to thermal fluctuation is called homeoviscous adaptation (Sinensky 1974), and the unsaturation 
index is a metric for this homeoviscous activity.  It is calculated as the sum of the molar percent 
of each unsaturated fatty acid multiplied by their number of double bonds.   
Consistent, controlled regimens of a matrix of dietary EPA and DHA availability were 
administered to 4 of 6 experimental groups of juvenile M. mercenaria to assess their distinct 
contributions to pre-winter survival during a seasonal temperature decline in Great South Bay, 
New York.  The hypotheses were:  
H1.  Varying the dietary abundances of 20:5n-3 (eicosapentaenoic acid or 
EPA) and 22:6n-3 (docosahexaenoic acid or DHA) will influence the 
magnitude of juvenile quahog mortality as they adapt to decreasing 
temperatures.   
H2.  High dietary 20:5n-3 (EPA) will reduce juvenile quahog mortality 
through decreasing temperatures above 12˚C, and high dietary 22:6n-3 
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(DHA) will reduce mortality through decreasing temperatures below 
12˚C.  
 
Materials and methods 
Juvenile M. mercenaria with mean shell length (MSL ± s.d.) 8.13 ± 0.77 mm, were provided by 
the Town of Islip Shellfish Culture Facility, New York.  Four experimental groups of 1170 
individuals were administered diets (A, B, C, and D) containing a matrix of EPA and DHA 
abundance (Table 1).  Two additional groups (E and F) of 1170 individuals were fed from 
environmental seston which was dominated by the brown tide species, Aureococcus 
anophagefferens.  The monoculture diet of Groups A contained no EPA nor DHA and served as 
the dietary control.   
 
Table 1.  Mean dietary abundances (molar %) of docosahexaenoic acid (DHA) and 
eicosapentaenoic acid (EPA) based on monocultures of Dunaliella tertiolecta, Tisochrysis lutea 
and Thalassiosira weissflogii (Caers et al. 1998; Borges et al. 2011) and published values for 
the brown tide alga, Aureococcus anophagefferens (Bricelj et al. 1989). A = D. tertiolecta; B = 
T. lutea; C = T. weissflogii; D = T. lutea and T. weissflogii; E and F = A. anophagefferens. 
 
 
 
 
Five groups (A – E) were placed in the laboratory experimental system located in a non-
heated, ventilated shelter in West Sayville, New York on the shore of Great South Bay.  Water 
temperature for the experimental system was controlled by a water bath with a six-minute 
residence time drawn from the benthic environment.  These juveniles were maintained in 40-liter 
FA/diet A B C D E F
EPA 0.0 0.5 17.3 9.1 4.3 4.3
DHA 0.0 12.3 1.6 6.4 14.0 14.0
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well-aerated vessels, 20-1/8” x 15-1/8”, and temperature maintained in equilibrium with ambient 
temperature in Great South Bay for the duration of the study. Within each group there were six 
subsets of 195 individuals, 3 of the wild stock and 3 of the notata variety selected for fast growth 
(Figure 1), which occupied 6.7” x 7.6” sections separated by 1/8” mesh dividers providing 
favorable density for high survival (Kraeuter et al. 1998).  Water changes were performed at a rate 
of 50% per feeding, twice a day, for a total of 75% per day to minimize potential effects of poor 
water quality.  All experimental quahogs were acquired from the Town of Islip on the October 4, 
2011, the day before feeding began, and arranged in their groups and placed in laboratory well 
water with salinity = 24.8 ppt, pH = 7.55, and temperature = 17.6°C.  Prior to their acquisition, the 
experimental quahogs were feeding from Great South Bay seston at the Town of Islip Hatchery in 
East Islip, New York. 
 
 
 
Figure 1.  Arrangement of experimental system facilitating administration of controlled diets.  
Each group contained 2 subgroups, wild (W) and notata (N) genetic strains, with triplicate 
subsets (1, 2 and 3). Temperature was control by water bath drawn from benthic zone of Great 
South Bay, New York.  Stocking densities are within high survival range according to 
Kraeuter et al. (1998).  Groups A – E were accessible for sampling throughout study period in 
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temperature controlled tank; Group F was set in environment and accessed only at end of 
study period. 
 
Group F was set in a predator resistant cage on the bay bottom near the intake pipe for the 
laboratory system at the beginning of the study and retrieved only at the end on December 21, 
2011 for mortality and fatty acid analysis.  Sampling in the laboratory system continued throughout 
the study until temperature fell and remained below 6°C at which point final samples were 
procured and Groups A - E were placed in the benthic environment along with Group F to over-
winter in predator resistant cages.   
Mortality in the laboratory groups were recorded each morning at which time all expired 
individuals were removed from their groups.  Mortality was reported when valves of an individual 
were first found agape; no forensic analyses were performed to assess precise time of death.  Mean 
shell lengths (MSL) of 20 randomly selected individuals per subset (sixty per subgroup) were 
measured at approximately 21-day intervals throughout the 72-day trial to monitor growth.  
Changes in MSL were calculated as the difference between initial and final values for each 
subgroup of each dietary treatment. 
 
Experimental diets 
Four groups (A-D) were provided a controlled dietary matrix of three algal species common to the 
field of bivalve aquaculture.  Stock cultures of these species were acquired from the Town of Islip 
Shellfish Culture Facility, East Islip, NY, and the National Atmospheric and Oceanic 
Administration (NOAA) Fisheries, Northeast Fisheries Science Center, Milford Laboratory, CT.  
Each diet was designed to provide different molar percentages of EPA and DHA to the 
experimental groups.  The Group A diet was a monoculture of Dunaniela tertiolecta (Butcher, 
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1959), devoid of both EPA and DHA and no fatty acids longer than 19 carbons (Caers et al. 1998) 
and thus served as control; Group B was a monoculture of Tisochrisys lutea (Bendif & Probert. 
2013) clone C-iso (previously known as Isochrysis affinis galbana), low in EPA and high in DHA 
(Caers et al. 1998); Group C was a monoculture of Thalassiosira weissflogii (G.Fryxell & Hasle, 
1977), high in EPA and low in DHA (Borges et al. 2011); Group D diet was a mixture of T. lutea 
and T. weissflogii, offering moderate quantities of each.  We had better success culturing the Caicos 
strain than the Tahitian, so in this experiment T. lutea sp. clone C-iso was used instead of T-iso.  
Diets were administered twice daily according to Farias et al. (2003). 
The three algal strains were cultured in 20 L carboys and illuminated under continuous 
light with actinic blue and 10,000K 56W T5HO bulbs (Photo 1).  In addition, all cultures were 
harvested during the logarithmic growth phase to achieve the expected fatty acid values from the 
above cited works.  For any given week two sets of cultures were harvested for daily feedings, one 
in the morning and one in the afternoon and a third set was retired.   The culture vessels of the 
retired set was cleansed, re-inoculated with new starter culture then given a full week to reach 
suitable density to achieve 5% algal dry weight per quahog dry weight per day before harvesting, 
at which time the older active set was retired.  The rotation began three weeks before the 
commencement of the feeding trial and continued until all experimental groups were set in grow-
out bags in Great South Bay to over-winter below 6°C. 
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Photo 1.  Two of three sets of algal cultures grown in 20L carboys: Dunaniella tertiolecta (left); 
Tisochrysis lutea (center); Thalassiosira weissflogii (right).  Photo by author. 
 
All dietary fatty acid values considered in this experiment are from published data (Table 
1).  The four controlled diets (A – D) were derived from 3 mono-cultures of algae, D. tertiolecta, 
T. lutea and T. weissflogii (Caers et al. 1998; Borges et al. 2011). Fatty acid values for Aureococcus 
anophagefferens, the dominating alga during the brown tide bloom, were published by Bricelj et 
al. (1989).  Algal dry weights were calculated based on Zhu and Lee (1997).  One-hundred mL 
aliquots of cultures of 3 algal species, from which the dietary matrix is comprised, were filtered in 
triplicate on 47 mm glass fiber filters (nominal 0.7 µm pore size) using a Millipore vacuum system.  
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The filters were pre-washed and dried at 105C.  Residual salts from the culture medium were 
removed from the filters by a 20 mL flush of 0.5 M ammonium bicarbonate solution.  Filters 
containing algal biomass were placed on pre-weighed aluminum plates and dried at 105C to 
constant weight (Zhu and Lee 1997).   
 
Fatty acid analyses 
Soft tissue biomass from 9 random individuals from each experimental treatment, three from each 
triplicate, was procured and pooled for fatty acid analyses throughout the declining temperature 
regime from 18°C until it remained below 6°C.  Samples were stored in methylene dichloride at -
20°C (Parrish 2009) until lipids were extracted and esterified.  Lipid extraction for M. mercenaria 
biomass was based on Folch et al. (1957) and the derivatization procedure for lipid extract was 
based on Morrison & Smith (1964).  Analysis of fatty acid methyl esters (FAME) from 
environmental seston and M. mercenaria biomass were performed by gas chromatography (GC) 
at EcoTest laboratories in West Babylon, New York.  The GC was equipped with a polyethylene 
glycol TG-WAXMS GC (30m X 0.25mm ID X 0.255µm film thickness) capillary column from 
Fisher Scientific, Hanover Park, IL.  FAME analysis by GC was performed according to Pernet et 
al. (2006), with the exception that helium was the carrier gas instead of hydrogen.  FAME was 
identified by comparison of retention times to individual EPA and DHA standards, and 37 
component FAME mix standard from Supelco, Bellefonte, PA. The 22:2 NMI and 16:4n-3 peaks 
were identified by comparison with a chromatogram of gill samples from the Eastern oyster, 
Crassostrea gigas, run through an OMEGAWAX column of the same dimensions generated by 
Fabrice Pernet, the principal investigator Pernet et al. (2006) cited in this paper.  Percent 
composition by peak area was calculated by Hewlett-Packard-GC integration software.   
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 Fatty acid methyl ester standards, the 37 FAME mix and the individual EPA and DHA 
standards, were run through the gas chromatograph (GC) before the first sample and after every 
10 subsequent sample runs.  A comparison of relative peak sizes and sequence from the 37 FAME 
mix chromatogram generated in this study demonstrate good agreement with, though with shorter 
run times than that of the standards’ manufacturer (Figures 2a and b); this may be a function of the 
capillary column material and temperature ramp.   Identification of the individual sample peaks 
were by comparison with the sequence of labeled peaks on the 37 FAME mix chromatogram. The 
individual EPA and DHA run time peaks used in this study are based on the times generated at 
each successive standard run (Figures 5a and b).  A complete sample run of October 19, 2011 
Groups A through E juvenile M. mercenaria biomass and standards is located in Appendix A. 
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Figure 2a. 
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Figure 2b. 
 
Figures 2a and b.  Chromatograms of 37 FAME mix generated a) in this study, and b) by 
standards’ manufacturer. 
 
Statistical analyses  
ANOVAs for cumulative mortalities were performed for each genetic variety in triplicates for all 
groups and differences in the DHA:EPA ratio in juvenile M. mercenaria.  Linear regression models 
were established to assess the impact of HUFA abundance on mortality of each dietary treatment 
during each phase of temperature decrease for each genetic strain.   A linear regression model was 
also established for changes in EPA and DHA before and after the period of rapid temperature 
decline.  A Chi-squared (X2) best fit analysis was performed for the ratios of biosynthesized 22-
carbon-diene non-methylene-interrupted fatty acids, EPA, DHA in Group A and their dietary 
precursors, palmitic acid (16:0) and alpha-linolenic acid (18:3n-3). 
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Results 
Cumulative mortality 
Fatty acid measurements of juvenile M. mercenaria during this study were from the biweekly 
samples of surviving individuals.  Survivorship here represents individuals that experienced 
successful acclimation to the changing environment.  Group mortality, therefore, is viewed as a 
proxy for the likelihood that a particular group or sub-group of individuals could not successfully 
acclimate to the specific set of conditions imposed at any given time during this study.  With this 
in mind several trends relating diet, fatty acid incorporation, mortality and genetic distinction 
emerge.   
During the early-phase of the temperature decline (18˚C to 12˚C) cumulative mortalities 
among 2 genetic varieties (wild and notata) in Groups B increased significantly, and in Group E 
mortalities began to accumulate before the temperature decreased to 12°C.  Meanwhile, cumulative 
mortalities in Groups A, C and D in both wild and notata remained negligible (Figures 3a and b).   
Cumulative mortalities in the late-phase (12˚C to 6˚C) was most profound in Groups A, C 
and D, whose timing and rates of mortality were similar to each other and distinct from those of B 
and E in both genetic varieties.  The similarity in magnitude of late-phase mortality among the 
wild sub-groups of A, C and D were statistically significant (P = 0.77) (Figure 2a) but were not 
significant among the notata sub-groups (P = 0.014) (Figure 2b).  The last remaining individual in 
Group C wild died and was removed before the end of the study.  Group E showed the lowest 
cumulative mortalities of all groups in both wild and notata varieties.  Group B showed reduced 
mortality among the wild subgroups of A, C and D, and of the notata variety, subgroup B mortality 
was almost as low as Group E.  
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After November 16, mortalities in all groups receiving experimental diets (A,B,C,D) 
settled to relatively low average rate, 0.15% and 0.28% per day for wild and notata, respectively 
(Table 2).  Group E mortality, however, conspicuously increased after this point to 1.03% and 
0.44% per day for wild and notata, respectively.  Total cumulative mortalities for all Groups A – 
E, in triplicate for both wild and notata varieties is given in Table 3. 
  
 
Figure 3a. 
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Figure 3b. 
 
Figure 3a and b.  Average temperature and mortality of all groups (A, B, C, D and E) over 75-
days between October 5 and December 20, 2011 for (a) wild variety, and (b) notata variety.  
All groups were subject to diets emphasizing different levels of the highly unsaturated fatty 
acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA).  Early-phase decline 
began on October 15 when temperature dropped below 18.0°C.  Late-phase began on October 
28 when temperature dropped below 12.0°C and ended when temperature fell and remained 
below 6.0°C.   
 
Table 2.  Post-November 16 daily mortality.  Daily mortality of Groups receiving controlled 
diets (A – D) declined noticeably after November 16.  Daily mortality of Group E, subject to 
Category 2 brown tide bloom. 
 
 
Group A B C D E
wild 0.20% 0.20% 0.09% 0.13% 1.03%
notata 0.45% 0.25% 0.28% 0.18% 0.44%
total 0.32% 0.23% 0.19% 0.15% 0.74%
Post-November 16 daily mortality rate
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Table 3.  Total cumulative mortality for Groups A – E, all subgroups 1, 2 and 3, and genetic 
distinction, with means and standard deviations.  
 
 
 
ANOVAs for triplicate total cumulative mortalities in each genetic strain (wild and notata) 
of all groups yielded high F-values indicating higher variance between group mortalities than 
within each group (Table 4).  P-values were all below 0.05, suggesting these differences are 
statistically significant and unlikely to have occurred by chance.   
 
Tables 4.  Analyses of variance (ANOVAs) for 5 groups (A – E), wild and notata varieties, in 
triplicate for total cumulative mortalities.   
 
 
 
M. mercenaria fatty acids 
The tables of fatty acids identified in all groups of experimental juvenile Mercenaria mercenaria 
in this study are listed in Appendix B.  Palmitic acid is the precursor for the biosynthesis of the 
two species of 22:2 NMIs (Zhukova 1991).  ALA is the n-3 precursor for EPA and DHA (Tocher 
2003; Monroig et al. 2013).  The time series abundance of M. mercenaria palmitic acid (16:0), α-
TOTAL Cumulative mortality
Sub-group: Wild Sub-group: Notata
Total 1 2 3 Total 1 2 3
Group A 186 175 177 179.3 ± 5.9 Group A 141 121 105 122.3 ± 18.0
Group B 148 153 163 154.7 ± 7.6 Group B 71 55 88 71.3 ± 16.5
Group C 182 181 189 184.0 ± 4.4 Group C 124 144 150 139.3 ± 13.6
Group D 171 176 189 178.7 ± 9.3 Group D 102 110 100 104.0 ± 5.3
Group E 69 110 134 104.3 ± 32.9 Group E 69 56 42 55.7 ± 13.5
mean ± st. dev. mean ± st. dev.
variety F P
Wild 12.98 0.00057
Notata 18.27 0.00014
5 Groups ANOVAs
 Total mortality
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linolenic acid (18:3n-3), EPA, 22:2 NMIs, DHA are represented in Figures 4a – e.  Time-series 
changes in hexadecatetraenoic acid and short chain fatty acids (Figures 4f and 5g) are also 
displayed here as they were important factors in maintaining the unsaturation index (Figure 5h) on 
the November 30 sampling date.  Measured changes of EPA and DHA attained after administration 
of dietary matrix generally reflect dietary abundances (Figures 3c and d).  Measured values of 
EPA, DHA and 22:2 NMIs for the November 30 sampling demonstrate an anomalous decline 
which will be explored in the Discussion section.   
 
 
 
Figure 4a. 
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Figure 4b. 
 
 
Figure 4c. 
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Figure 4d. 
 
 
Figure 4e. 
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Figure 4f. 
 
 
 
Figure 4g. 
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Figure 4h. 
 
Figures 4a – h.  Time series values of fatty acids given special consideration in this study, (a) 
palmitic acid, 16:0, (b) α-linolenic acid, 18:3n-3 (ALA), (c) eicosapentaenoic acid, 20:5n-3 
(EPA), (d) sum of 22-carbon-diene non-methylene-interrupted fatty acids (22:2 NMIs), (e) 
docosahexaenoic acid, 22:6n-3 (DHA), and (f) hexadecatetraenoic acid; and time series 
values of (g) short chain fatty acids (less than 16 carbons) and (h) the unsaturation index. 
 
Ratio of DHA to EPA 
Evidence of the distinct dietary treatments among the groups was manifest in the stark contrast of 
their DHA:EPA ratios after two weeks of administering experimental diets.  The ratios of 
incorporated DHA to EPA at the October 19 sample set and beyond for wild and notata subgroups 
(Figures 5a and b) reflecting dietary abundances and demonstrated high statistically significant 
differences by one-way ANOVA (P << 0.05), with the exception of Group A whose ratio 
experienced the greatest variation in the absence of dietary EPA and DHA.   The relative 
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consistency of group ratios suggests the quahogs were feeding, and that their stable dietary ratios 
had a profound impact on fatty acid incorporation through the temperature decline. 
 
 
Figure 5a. 
 
 
Figure 5b. 
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Figures 5a and b.  Ratios of DHA to EPA through the threshold from early- to late-phase 
temperature regimes for (a) WILD, and (b) NOTATA.  The October 5 samples were taken 
before administration of experimental dietary matrix.   
 
Verification of brown tide bloom 
Identification and density measurements of the brown tide alga, Aureococcus anophagefferens, 
were performed by immunofluorescent detection methodology (Anderson et al. 1989) at the 
Suffolk County Department of Health Bacteriology Laboratory in Hauppauge, New York.  Their 
data confirmed a brown tide bloom with fluctuating cell counts throughout the study period (Figure 
6).  The data suggest Category 3 brown tide bloom conditions (Gastrich and Wazniak 2002) existed 
for the duration of the early-phase and Category 2 throughout the late-phase, with a short interval 
of Category 1 around the November 30 sampling date.  In prior investigations, juvenile M. 
mercenaria subject to prolonged exposure to Category 2 bloom conditions (35,000 to 200,000 
cells∙ml-1) of the toxic clone of A. anophagefferens have experienced suppressed feeding 
(Schaffner 1999; Bricelj 1999).   
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Figure 6.  Time series cell counts for brown tide bloom, Aureococcus anophagefferens, during 
the fall 2011 study in Great South Bay in West Sayville, New York (denoted by shaded area). 
 
Genetic distinction 
The time component marking inception and waning of mortality in each group was conserved with 
respect to genetic variety (Figures 7a-e).   Subgroups of individuals native to the local region (wild) 
suffered statistically significant (P << 0.05) greater overall mortality by 47%, 117%, 31% and 72% 
respectively, for groups A, B, C and D.  Although Group E wild suffered substantially higher 
overall mortality than the notata subgroup (87%), high variation among triplicate populations (F = 
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5.63) compared with Groups A, B, C and D (F = 27.1, 63.0, 29.3, and 146.3, respectively) did not 
yield statistical significance (P = 0.07; Figures 7a-e).   
 
 
Figure 7a. 
 
 
Figure 7b. 
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Figure 7c. 
 
 
Figure 7d. 
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Figure 7e. 
 
Figures 7a-e.  Cumulative mortality of juvenile M. mercenaria by genetic distinction over time.  
Subgroups of the notata variety enjoyed better survival regardless of dietary abundance of 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA).  Overall wild sub-group 
mortality was greater by a) 47%, b) 117%, c) 31%, d) 72% and e) 87% in groups A, B, C, D 
and E, respectively. 
 
Discussion 
Many aspects concerning the magnitude and timing of juvenile M. mercenaria mortality 
under conditions of decreasing temperature and diet are not revealed in the raw results 
expressed in the prior section. Observations, both qualitative and quantitative, are 
considered more comprehensively in this section. Where my literature search has not 
revealed prior M. mercenaria data with which to compare and contrast results, similar 
studies on other poikilothermic organisms have been employed.    
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Effect of genetic distinction of magnitude of mortality 
Besides their prominent chestnut colored bands, notata are distinguished from the wild northern 
quahog by faster growth and an overall higher metabolic demand (Pernet et al. 2006; Zarnoch & 
Schreibman 2008; Gionet et al. 2009; Zarnoch & Sclafani 2010).  The consequence is a faster 
depletion of glycogen reserves and a higher incidence of mortality during the over-winter period 
(Bricelj et al. 2006; Gionet et al. 2008) and the approach to spring (Zarnoch & Schreibman 2008; 
Zarnoch &Sclafani 2010).   Based on these prior results it was expected the notata subgroups 
would be more sensitive to decreasing temperature and would suffer higher mortality.  However, 
despite expectations to the contrary (Gionet 2009), by the end of the present investigation it was 
clear that the notata variety had experienced better survival while adapting to declining 
temperature.   
 
Rapid temperature decrease, hypothermic shock and time-delayed mortality 
Changing temperature is physiologically stressful for juvenile M. mercenaria as evident from 
increases in heat shock proteins resulting from both increasing and decreasing temperature in a 
laboratory environment (Bricelj et al. 2006).  As such, the physiological response of M. mercenaria 
to decreasing temperature may be quantified in terms of suppressed growth rate, clearance rate of 
algal suspended diet, and oxygen consumption (Suutari et al., 1995; Pernet et al., 2006; Bricelj et 
al., 2006; Zarnoch & Schreibman, 2008; Zarnoch & Sclafani, 2010).  Although quantitative 
analyses of the effect of thermal decline on mortality of juvenile M. mercenaria is not available in 
prior published literature, rapid temperature decrease is recognized as a causative agent in fishkills 
(Beitinger et al. 2000)  and hypothermic stunning mortality in sea turtles (Witherington and Ehrhart 
1989). 
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Mortality from thermal stress in juvenile M. mercenaria may not occur simultaneously 
with a decreasing temperature event.  Rather it likely follows a period of physiological decline 
resulting from thermal shock.  Investigations into the physiological response of classically 
ectothermic fishes (i.e., not including tuna and lamnid sharks) demonstrate that acclimation to low 
temperature can take as long as 20 days to complete (Doudoroff 1942).  Researchers quantifying 
mortality of ectothermic fish resulting from hypothermic shock typically continue monitoring them 
for 2 weeks (Beitinger et al. 2000).   
The time-delay in mortality observed in fishes offers a means of interpreting mortality 
observed in juvenile M. mercenaria in the present study with respect to episodes of environmental 
temperature decrease.  Beginning with the hypothetical scenario (H2) that EPA is favorable in 
homeoviscous adaptation to low temperature within the upper thermal range (18°C to 12°C), 
juvenile M. mercenaria receiving low dietary EPA would be expected to suffer hypothermic stress 
as a result of temperature decreases occurring in this thermal range.  And if mortality results, it 
may be delayed with respect to the causative thermal event.   
Group A received no dietary EPA nor DHA and would be expected to begin exhibiting 
mortality associated with declining thermal events of the early-phase.  However, this was not the 
case.  Instead, daily mortality of Group A resembled that of Groups C and D (high and moderate 
EPA, respectively) in magnitude, but was delayed about one week (Figure 8).  This case strays 
from the rubrics established in hypothesis H2 and requires a discussion on non-methylene-
interrupted fatty acids (NMIs) and their effect on homeoviscous adaptation.  It is handled 
separately below.  
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Figure 8.  Arithmetic mean of Group A daily mortalities corresponding to thermal decline 
event approaching the lower thermal range where DHA is hypothetically favorable to 
homeoviscous adaptation.   
 
The envelope of elevated Group B mortality falls within a 4 week period, two weeks after 
the temperature began its erratic descent below 18˚C (marking the beginning of the investigation).  
The pattern of daily mortality exhibited by Group B (Figure 9) is spaced similarly to recorded 
drops in temperature with a consistent lag period per event suggesting that these individual 
decreases may have effected hypothermic shock.  Five daily mortality peaks of Group B appear 
with an average delay of 13.6 days (sd ± 0.56) following each drop in average daily temperature 
of the early-phase.  As temperature descended to the lower thermal range (late-phase), where DHA 
becomes the homeoviscously favorable n-3 HUFA, mortality in Group B (rich in dietary DHA) 
also waned.  Individuals of Group B most susceptible to thermal shock would likely succumb 
toward the front end of the envelope of elevated mortality; waning magnitudes of mortality 
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observed later may be a function of higher resistance to thermal shock in remaining (live) 
individuals.   
 
 
 
Figure 9.  Five daily mortality peaks in Group B (low dietary EPA) corresponding to five 
thermal decline events within the upper thermal range where EPA is hypothetically favorable 
to homeoviscous adaptation. 
 
Groups A, C, D and E demonstrate similar patterns of mortalities that can be traced back 
to rapid decreases in temperature.  In Groups C and D (high and moderate dietary EPA, 
respectively) negligible mortalities were associated with the thermal events of the early-phase, but 
as temperature approached the lower thermal range these groups (low dietary DHA) each suffered 
a massive mortality event whose arithmetic mean was centered on November 7 and 5 (Group C 
and D, respectively), 12 and 10 days after the initial drop of the highest magnitude thermal decline 
during the study period (6.3°C in 5 days, or -1.3°C∙d-1) (Figures 10 and 11).  Cumulative mortalities 
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in these groups, both wild and notata varieties, associated with this thermal event affected a large 
portion of the sample populations, 81% and 53% for Group C and 67% and 33% for Group D wild 
and notata, respectively.  As episodes of rapid temperature decrease continued, waning mortality 
was most likely due to higher resistance of remaining individuals after the first major thermal event 
(October 25 to October 30) of the late phase.   
 
 
Figrue 10. 
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Figure 11. 
 
Figures 10 and 11.  Arithmetic means of daily mortalities of Groups C and D (low and 
moderate dietary DHA, respectively) corresponding to thermal decline event approaching the 
lower thermal range where DHA is hypothetically favorable to homeoviscous adaptation.   
 
Group E had daily mortality peaks with similar timing as experienced by Group B, but 
lower magnitude.  Group E’s seston diet dominated by A. anophagefferens was higher in dietary 
EPA (Bricelj et al. 1989) than Group B, and would likely suffer less thermal stress from declining 
thermal events of the upper thermal range (Figure 12) since EPA is hypothetically favorable for 
homeoviscous adaptation above 12°C.  Any mortality resulting from rapidly decreasing 
temperature of the late-phase would not be predicted by hypothesis H2 since Group E’s diet was 
highest in DHA, which is hypothetically favorable for homeoviscous adaptation below 12°C.  Late-
phase mortality of Group E is therefore more likely associated with suppressed feeding as a toxic 
effect of the brown tide bloom.  The effect of brown tide on M. mercenaria feeding and its relation 
to elevated late-phase Group E mortality will be explored in greater depth below. 
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Figure 12.  Five daily mortality peaks in Group E (moderate EPA) corresponding to five 
thermal decline events within the upper thermal range where EPA is hypothetically favorable 
to homeoviscous adaptation. 
 
Early-phase mortality 
Acknowledging the phase-lag of mortalities associated with declining thermal events discussed 
above, cumulative mortalities associated with thermal events of the early- and late-phases more 
accurately describe the effect of hypothermic shock on mortalities of juvenile M.  mercenaria than 
mortalities that simply occur during the early- or late- phases.  Cumulative mortalities associated 
with the early- and late-phases for all subgroups in triplicate are found in Table 5 and Figures 13a 
and b below. 
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Table 5.  Time-delayed cumulative mortality for Groups A - E, all subgroups 1, 2 and 3 
associated with thermal events of the late-phase, and genetic distinction, with means and 
standard deviations.  
 
 
 
 
 
Figure 13a. 
 
Early Phase 1 2 3 Early Phase 1 2 3
Group A 0.01 0.02 0.03 0.02 ± 0.01 Group A 0.08 0.01 0.04 0.04 ± 0.04
Group B 0.58 0.63 0.65 0.62 ± 0.03 Group B 0.29 0.20 0.27 0.25 ± 0.05
Group C 0.00 0.01 0.08 0.03 ± 0.04 Group C 0.01 0.04 0.02 0.02 ± 0.02
Group D 0.01 0.07 0.05 0.04 ± 0.03 Group D 0.07 0.06 0.06 0.06 ± 0.01
Group E 0.07 0.09 0.22 0.13 ± 0.08 Group E 0.21 0.11 0.07 0.13 ± 0.07
Sub-group: Wild Sub-group: Notata
Early-phase time-delayed cumulative mortality
mean ± st. dev. mean ± st. dev.
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Figure 13b. 
 
Figures 13a and b.  Mean time-delayed cumulative mortalities (percent of total) of all groups 
(A – E) with standard deviations for triplicates (1 – 3) associated with thermal events that 
occurred during early-phase of seasonal temperature decline, between 18C and 12C, 
October 6 through October 28, 2011 for (a) wild, and (b) notata varieties.  Please note different 
y-axes values in each figure. 
 
Groups A, C and D experienced lowest mortalities during the early-phase decline. Groups 
C and D low mortality coincided with high dietary EPA.  Meanwhile, Group A’s low mortality 
occurred despite receiving a diet devoid of EPA and will be discussed separately below.  Groups 
B and E experienced highest early-phase mortality coinciding with lowest dietary EPA.  ANOVAs 
for triplicate cumulative mortalities in each genetic strain (wild and notata) during the early-phase 
yielded high F-values indicating higher variance between group mortalities than within each group 
(Table 6).  P-values were all below 0.05, suggesting these differences are statistically significant 
and unlikely to have occurred by chance.   
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Table 6.  Analyses of variance (ANOVAs) for 5 groups (A – E), wild and notata varieties, in 
triplicate for early-phase time-delayed cumulative mortalities, 18˚C to 12˚C. 
 
 
 
Four of the 5 groups (B through E) received dietary EPA in various quantities, each 
suffering varying degrees of early-phase mortality.  Consistent with hypothesis H2, regressions, 
both logarithmic (wild) and linear (notata), demonstrate declining trends of cumulative time-
delayed mortality with increasing dietary EPA.  This data adds a quantitative dimension to 
hypothesis H2, and explains over 86% and 70% of mortalities in each subgroup for wild and notata, 
respectively (Figures 14a and b).   
 
 
Figure 14a. 
variety F P
Wild 92.88 7.26E-08
Notata 14.86 3.27E-04
5 Groups ANOVAs
Early-phase mortality
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Figure 14b. 
 
Figure 14a and b.  Regressions of dietary EPA and early-phase time-delayed mortalities of 
two genetic subgroups (a) logarithmic (wild), and (b) linear (notata). 
 
Late-phase mortality 
During the late-phase, lowest mortality occurred in Groups B and E (Table 7, Figures 15a and b).  
High late-phase mortalities of Groups A, C and D coincided with diets either low or devoid of 
DHA.  ANOVAs for each genetic strain (wild and notata) during the late-phase also yielded high 
F-values indicating higher variance between group mortalities than within group triplicate values.  
P-values were also below 0.05 (Table 8).  
 
Table 7.  Time-delayed cumulative mortality for Groups A – E associated with thermal events 
of the late-phase, all subgroups 1, 2 and 3, and genetic distinction, with means and standard 
deviations.  
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Figure 15a. 
 
Late Phase 1 2 3 Late Phase 1 2 3
Group A 0.95 0.88 0.88 0.90 ± 0.04 Group A 0.64 0.61 0.50 0.58 ± 0.08
Group B 0.18 0.15 0.19 0.17 ± 0.02 Group B 0.08 0.08 0.18 0.11 ± 0.06
Group C 0.93 0.92 0.89 0.91 ± 0.02 Group C 0.63 0.70 0.75 0.69 ± 0.06
Group D 0.87 0.83 0.92 0.87 ± 0.05 Group D 0.46 0.50 0.46 0.47 ± 0.03
Group E 0.28 0.47 0.47 0.41 ± 0.11 Group E 0.15 0.17 0.15 0.16 ± 0.01
mean ± st. dev. mean ± st. dev.
Late-phase time-delayed cumulative mortality
Sub-group: Wild Sub-group: Notata
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Figure 15b. 
  
Figures 15a and b.  Mean time-delayed cumulative mortalities of all groups (A – E) with 
standard deviations for triplicates (1 – 3) associated with thermal events that occurred during 
late-phase of seasonal temperature decline, between 12C and 5C, October 29 through 
December 20, 2011 for (a) wild, and (b) notata varieties.   
 
Table 8.  Analyses of variance (ANOVAs) for 5 groups (A – E), wild and notata varieties, in 
triplicate for late-phase cumulative time-delayed mortalities, 12˚C to 5˚C. 
 
     
 
Regressions of dietary HUFA abundance and cumulative mortality associated with dietary 
treatment exhibit declining trends in Groups B through E; i.e., those groups receiving dietary EPA 
variety F P
Wild 107.44 3.58E-08
Notata 73.82 2.20E-07
5 Groups ANOVAs
Late-phase mortality
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and DHA.  Time-delayed mortality in the wild strain more closely resembled a threshold response, 
diminishing precipitously after 7% molar DHA.  But if considered as a linear function, however 
poor the fit, mortality generated slopes of -0.056 ∙ [molar % DHA]-1 and -0.048 ∙ [molar % EPA]-
1 where dietary abundance of DHA explains 68% and 90% of mortalities occurring in the lower 
thermal range for each subgroup, wild and notata, respectively (Figures 16a and b).  Considered 
either way, the data suggest a trend of greater survival at higher dietary abundance of DHA for 
both wild and notata as temperature decreases through the lower thermal range (below 12°C) and 
adds a quantitative dimension to hypothesis H2.   
 
 
Figure 16a. 
 
 64 
 
 
Figure 16b. 
 
Figure 16a and b.  Linear regressions of dietary DHA and late-phase time-delayed mortalities 
of (a) wild, and (b) notata subgroups.  Time-delayed mortality in the wild strain more closely 
resembled a threshold response, diminishing precipitously after 7% molar DHA. 
 
Group E and F diets and the brown tide bloom 
During the study period a persistent, randomly occurring brown tide bloom, Aureococcus 
anophagefferens, settled in Great South Bay, providing a unique opportunity to analyze its effect 
on low temperature acclimation of juvenile M. mercenaria during the approach to winter lows.  
The brown tide alga, Aureococcus anophagefferens, is a small-form pelagophyte measuring 2-3 
microns.  A major outbreak appeared for the first time in waters around Long Island, New York in 
1985 (Anderson et al. 1993).  Since then the geographic extent of impact has reached the mid-
Atlantic coast, South Africa and northeastern China (Gobler et al. 2013).  It has distinct toxic 
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effects on a range of different organisms occupying these ecosystems.  Particularly susceptible to 
the effects of brown tide blooms is M. mercenaria. 
Published studies on brown tide’s effect on juvenile M. mercenaria commonly report 
inhibited clearance rates (feeding) and symptoms relating to poor nutrition, such as slow or 
undetectable growth and reduced condition.  Bricelj & Kuenstner (1989) suggested a suite of 
brown tide bloom attributes, such as its small size, high density, indigestibility, toxicity and poor 
nutritional quality may contribute to these symptoms.  Other studies (Gainey & Shumway 1991; 
Robbins et al. 2010) determined that brown tide inhibits ciliary activity of the gill in M. 
mercenaria, which is the collection site of environmental seston that begins the feeding process 
and explains the observed negative impacts on clearance rates in M. mercenaria larva (Nuzzi et 
al., 1996, Padilla et al. 2006) and juveniles (Tracey, 1988; Schaffner, 1999; Bricelj, 1999; Bricelj 
et al. 2001; Wazniak & Glibert 2004; Gastrich, 2000a, b; Gastrich, 2001; Gastrich et al., 2000; 
NJDEP, 1999). 
Gastrich & Wazniak (2002) classified its potential harmful effects by creating the Brown 
Tide Bloom Index relating three tiers of bloom density to specific ecological effects and 
physiological impacts on shellfish.  The most striking conclusion to be drawn from the published 
literature reviewed for these classifications is that no statistically significant mortality in juvenile 
M. mercenaria are directly attributable to brown tide toxicity, even those classified as Category 3 
with bloom densities in excess of 1x106 cells·ml-1; rather observed patterns of low growth and 
reduced condition index resulting from even a toxic strain of A. anophagefferens, [CCMP 1708], 
mimic those of supressed feeding (Bricelj & MacQuarry 2007). 
Categories 2 and 3 bloom conditions suggest A. anpphagefferens was the dominating 
species during the study period (Figure 7).  It follows that the fatty acid profiles of Group E’s 
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seston diet would be that of the brown tide alga for either logarithmic or stationary growth.  The 
early-phase ended on October 29, 2011, eleven days after the recorded peak of the bloom.  It is 
likely that cells present during early-phase were products of logarithmic growth before the peak 
and stationary afterwards.  The average molar % EPA of A. anophagefferens logarithmic and 
stationary growth is 4.3% (Bricelj et al. 1989).   Late-phase of the study period was predominantly 
associated with the waning bloom; cells were likely products of stationary growth.  The stationary 
phase value of A. anophagefferens for molar % DHA is 14.0% (Bricelj et al. 1989). 
 
Effect of brown tide on homeoviscous adaptation and size specific mortality 
Two apparent factors influencing mortality in Groups E and F were thermal stress and feeding 
inhibition.  Temperature specific changes in Group E fatty acids over time, and comparatively low 
mortality through the early- and late-phases of decline, suggest adequate feeding occurred for 
successful acclimation to decreasing tmeprature.  Homeoviscous adaptation in Group E was 
evident by the negative correlations of UI and temperature (Figure 5h) above 6°C.   
Feeding inhibition imposed by a dense brown tide bloom (Gainey and Shumway 1991; 
Robbins et al. 2010) could pose a threat to higher metabolically active individuals of a cohort, 
possibly leading to starvation; and temporary cessation of gill muscular contractions to 
asphyxiation (Robbins et al. 2010).  If larger sizes of the cohort infer faster growth, and faster 
growth infers higher metabolim, and higher metabolism infers higher rate of feeding, then by the 
transitive property of equality, larger individuals of Groups E and F would have a higher food 
requirement to sustain metabolism.  By this logic, Group E and F size data infers the largest 
individuals of the cohort, the fastest growers, were being eliminated via starvation resulting in a 
higher ratio of smaller, slower growers which generated an apparent shrinking of the survivor pool.   
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However, Group E mortality followed the same pattern observed in the dietary controlled 
groups with respect to genetic variation, i.e., higher mortality in wild subgroups than the faster 
growing notata variety with higher metabolism.  This presents a dichotomy where on one hand, 
brown tide mortality targetted faster growing individuals in both Group E wild and notata, and on 
the other hand, the higher survival was awarded to the homeoviscously more capable notata of all 
groups.   The distinction resides in the actual behavior displayed by the individuals of the discrete 
populations who suffered higher mortality.  Although growth rates are subject to genotype-
environment interactions partitioned among many causal components (Hilbish 2001), average 
growth of the notata variety in selected regions is approximately twice the rate of the indigenous 
variety (Gionet et al. 2009).  But it was the element of individually expressed fast growth among 
the discrete populations of both wild and notata who suffered most from inhibited feeding under 
category 2 and 3 brown tide conditions and perished.  For these fastest growing individuals of 
Groups E and F, wild and notata, the benefit of higher metabolic rate in homeoviscous adaptation 
was trumped by starvation.  These data suggest that nutritional requirement for successful 
homeoviscous adaptation can be met by a dense bloom of brown tide in spite of its effect on feeding 
inhibition, but metabolic demand of the fastest growing individuals cannot. 
 
Mortality of juvenile M. mercenaria w.r.t. dietary EPA and DHA incorporation 
The most profound period of thermal decline, averaging 1.28°C∙d-1 for 5 days, occurred between 
October 25 and October 30, 2011 as temperature crossed the threshold from early- to late-phase.  
It is difficult to attribute causality of elevated late-phase mortality exclusively to either crossing 
the threshold temperature (12˚C) or the high rate of temperature decrease, since they occurred 
contemporaneously w.r.t. to the timing of the subsequent mortality event.  For this reason the 
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supplemental experiment described in Chapter 3 was performed to monitor the nuances of 
membrane remodeling and mortality through mild, even temperature decrease.  Regardless of 
causality, by the November 2 sampling date the rate of mortality in Groups A, C and D had begun 
to increase, ultimately peaking at 137, 125 and 123 individuals per day, respectively, of the original 
pools of 1170 per group (Figure 17).   
 
 
 
Figures 17.  Daily mortality of all experimental groups through the study period.   
 
The homeoviscous response was apparent in all groups through measured increases 
incorporated DHA before and after the thermal event.  DHA is the hypothetically favorable n-3 
HUFA at temperatures below 12°C (hypothesis H2), and as temperature rapidly decreased below 
this threshold, the magnitude of dietary DHA deficiency was a reliable indicator of mortality for 
wild and notata subgroups (Figure 18a and b).  Below 12°C, dietary n-3 HUFA deficiency is 
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measured as the change in molar % DHA incorporated into M. mercenaria biomass during the 
period of thermal decline minus the molar % of dietary DHA: 
 
n-3 HUFA dietary deficiency (below 12°C) = Δ[molar% quahog DHA] – molar% dietary DHA. 
.   
 
 
Figure 18a. 
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Figure 18b. 
 
Figures 18a and b.  Bar chart contrasting the molar % dietary supply and change in quahog 
incorporated n-3 HUFAs, EPA and DHA, for two genetic varieties: (a) WILD, and (b) 
NOTATA, before and after rapid thermal decline from October 25 to October 30, 2011.  Blue 
bars represent dietary molar % DHA supply and red bars quantify the homeoviscous response 
of quahogs as changes in n-3 HUFAs.  Black ovals represent surplus and red indicate 
deficiency. 
 
Plots of both wild and notata mortality associated with the declining thermal event suggests 
there may be a threshold response to dietary DHA deficiency.   However, if considered by linear 
regression the negative relationship describing the differential between changes in quahog molar 
% DHA and dietary molar % DHA explains over 93% of wild quahog mortality for this rapid 
decline through (Figure 19a), and almost 70% of notata mortality (Figure 19b).  Notwithstanding, 
dietary DHA deficiency, as calculated above for temperatures below 12°C, resulted in higher 
mortality; meanwhile, dietary surplus of DHA yielded lower mortality.  These data suggest the 
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factor controlling mortality in all Groups during this period was the magnitude of dietary DHA 
supply w.r.t. demand.    
 
 
Figure 19a. 
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 Figure 19b. 
 
Figures 19a and b.  Linear regressions of DHA differential (between quahog response to rapid 
temperature decline between sampling dates of October 16 and November 2 and dietary molar 
% DHA) and subsequent mortality between the sampling dates of November 2 and November 
16, 2011 for (a) wild variety, and (b) notata. 
 
Homeoviscously unfavorable dietary n-3 HUFA and mortality 
The data presented above suggests that the dietary availability of DHA below 12°C facilitates 
homoeoviscous adaptation in juvenile M. mercenaria and yields lower thermally related mortality 
in the face of rapidly decreasing temperature.  Meanwhile, during the same period of rapid thermal 
decline, event mortality was generally higher with increasing dietary EPA, with the exception of 
a decrease around 4% molar in the wild subgroup.  EPA is considered the unfavorable dietary n-3 
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HUFA below 12°C.  If considered as linear functions, dietary n-3 HUFA unfavorability explains 
60% and 86% of event mortality for wild and notata, respectively (Figures 20a and b). 
 
 
Figure 20a. 
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Figure 20b. 
 
Figure 20a and b.  Positive correlation between dietary EPA, which is considered unfavorable in the 
lower thermal range, and mortality associated with the period of rapidly decreasing temperature 
between October 25 and October 30, 2011.   
 
Simultaneous incorporation of favorable and unfavorable n-3 HUFA 
Many diets will contain substantial molar percentages of both EPA and DHA through periods of 
thermal decline.  The point at which the concentration of one that is considered favorable overrides 
the harmful aspect of the other, and vice versa, is not clear.  Group D was administered a diet 
comprised of two algal species, a flagellate and a diatom, yielding moderate molar percentages of 
each, EPA (9.1%) and DHA (6.4%).  Cumulative mortality in this group was low during the early-
phase, following the same pattern as Group C, with high (17.3%) EPA and low (1.6%) DHA, 
suggesting dietary EPA as low as 9.1% enabled good adaptation in the upper thermal range.   
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Moreover, as early-phase temperatures fell completely within the range within which M. 
mercenaria sustains growth (above 10°C), it is likely that the 6.4% unfavorable dietary DHA was 
utilized directly in anabolic metabolism, or remained as stored triacylglyceride (TAG) and not 
integration in cellular membrane phospholipids.  Measured levels of Group D DHA during the 
early-phase would therefore be considered homeoviscously benign.  Meanwhile, Group B, with 
low dietary EPA (1.0%; favorable) and high dietary DHA (11.1%; unfavorable) experienced 
episodes of mortality at each substantial drop in temperature evident in the daily record during the 
upper thermal range (Figure 10).  These may be considered minor hypothermic stunning events 
leading to relatively low mortality per event facilitated by abundant unfavorable dietary DHA 
during the early-phase and low beneficial dietary EPA.   
Following the rapid drop in water temperature between October 25 and 30, 2011 (1.3°C∙d-
1 for 5 days) entering the late-phase, high mortality struck Groups A, C and D, with low dietary 
DHA (0.0%, 1.6% and 6.4%, respectively) which would be considered benefical entering the lower 
thermal range.  Meanwhile, homeoviscously unfavorable EPA explained 60% and 86% mortality 
for this event for wild and notata, respectively.  Identifying the point at which the effect of 
homeoviscously unfavorable n-3 HUFA overcomes the favorable will require further inquiry with 
incremental dietary mixtures of both EPA and DHA under various degrees of decreasing 
temperature throughout the upper and lower thermal ranges.  
 
Functional relationship of EPA and 22:2 NMIs 
Although the specific functional role of NMIs has not been established (Barnathan 2009), changes 
in the molar % of NMIs have been found in reverse relation to DHA and EPA (Klingensmith 
1984).  Data from Pernet et al. (2006) corroborate this claim as increases in juvenile M. mercenaria 
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22:2 NMIs occur in similar magnitude to early and late decreases in DHA and EPA, respectively 
(Figure 21a).  However, a time series plot of M. mercenaria fatty acids and temperature during the 
winter/spring period of that investigation suggests that 22:2 NMIs bio-synthesis may be 
preferentially sensitive to changes in EPA (Figure 21b).   
 
 
Figure 21a. 
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Figure 21b. 
 
Figures 21a and b.  a) Relative increases of 22:2 NMIs with decreases in DHA during the early-
phase temperature decline and EPA during the late-phase, and b) negative relationship 
between EPA and 22:2 NMIs through winter and spring.  Data from Pernet et al. 2006. 
 
The late winter/spring 2004 fluctuations in EPA (Figure 21b) induced counter changes in 
22:2 NMIs corresponding almost precisely in magnitude.  This negative relationship results in a 
remarkably stable value of ∑[ EPA + 22:2 NMIs] through the relatively isothermal mid-winter 
period (Figure 22a) when membrane viscosity is governed in large part by the unsaturation index 
(Figure 22b).  The fatty acid fluctuations observed in Figure 23b occurred below the temperature 
at which M. mercenaria feed (Grizzle et al. 2001) so they are independent of exogenous 
contribution.  The May 2004 decrease in EPA corresponding to a 1.5°C uptick in temperature 
might indicate its role in eicosanoid biosynthesis (Pernet et al. 2006).  Eicosanoids are synthesized 
abundantly by invertebrates from 20-carbon omega-3 fatty acids, like EPA, to perform various 
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physiological functions (Howard and Stanley, 1999).  They are not stored, but synthesized in 
response to hormonal signaling (Smith et al. 1991).   
 
 
Figure 22a. 
 
 
Figure 22b. 
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Figures 22a and b.  a) Sum of EPA and 22:2 NMIs during the winter/spring period, and b) 
unsaturation index throughout the study period (data from Pernet et al. 2006). 
 
In the present study, time series of fatty acid masses demonstrate the same endogenous 
responses of 22:2 NMIs to EPA over DHA during the period of most rapid temperature decrease 
for Group A, wild and notata subgroups, whose diets were devoid of both EPA and 22:2 NMIs 
(Figure 23a and b).  Molar % values 22:2 NMIs fluctuate contrary to EPA while DHA rises 
indiscriminately after the October 19th sampling in response to its favored incorporation below the 
12˚C threshold. 
  
 
Figure 23a. 
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Figure 23b. 
 
Figures 23a and b.  Group A masses of EPA, DHA and the sum of 22:2 NMIs in μmolˑclam-1 
for (a) wild variety, and (b) notata variety.  Average water temperatures remained below 12˚C 
after October 19th for all subsequent sampling dates. 
 
Groups A, C and D had the greatest increases in their sums of molar % EPA and 22:2 NMIs 
(Figure 24a) and together accrued negligible mortality until environmental temperatures crossed 
the threshold to late-phase on October 28, after which date individuals in all 3 groups began to 
expire at a notably high rate (Figures 2a and b).  Mortality in these groups progressed over time in 
a manner distinct from Group B whose cultured diet was low in EPA and showed lowest molar % 
levels of both 22:2 NMI and EPA incorporation (Figure 24b).   These results, though speculative, 
suggest the roles of EPA and 22:2 NMIs may be functionally similar with respect to homeoviscous 
adaptation.   
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Figure 24a. 
 
 
Figure 24b. 
 
Figures 24a and b.  a) Increases in the sum of molar percentages of EPA and 22:2 NMI fatty 
acids from the October 5 to November 2, 2011, the first sampling after crossing the threshold 
to late-phase temperature decline, and b) the sum of molar percentages of EPA and 22:2 NMI 
fatty acids on November 2, 2011. 
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Group A 
Prolific 22:2 NMI biosynthesis in the absence of dietary EPA and DHA 
In the absence of dietary EPA and DHA, Group A wild demonstrated prolific increases in 22:2 
NMIs in contrast to other wild groups after rapid thermal decline (Figure 25a).  The lack of 
distinction demonstrated by 22:2 NMI increase in Group A notata is deceiving because this 
subgroup entered this period with over twice the molar % 22:2 NMIs; the nominal increase during 
this period resulted in a 15% higher final value (Figure 25b).   
 
 
Figure 25a. 
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Figure 25b. 
 
Figures 25a and b.  a) Changes in molar % 22:2 NMIs of wild and notata varieties after 6.2°C 
temperature drop between October 19 and November 2 sampling dates, and b) Group A molar 
% 22:2 NMIs before and after rapid temperature decline.  The diet of Group A was devoid of 
DHA and EPA while Groups B, C and D received a matrix of each (see Table 1).  All diets 
were rich in palmitic acid (16:0) which is the precursor to 22:2 NMIs as articulated by 
Zhukova (1991). 
 
 Generally speaking, during the early-phase Group A was able to sustain negligible 
mortality similar to Groups C and D (Figures 2a and b), whose diets contained high and moderate 
levels of EPA, respectively. This data suggest the ability of juvenile M. mercenaria to 
biosynthesize 22:2 NMIs may have contributed to Group A’s high survival in the absence of 
dietary EPA during the early-phase decline.  
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DHA biosynthesis? 
The biosynthesis of EPA and DHA is commonly considered beyond the ability of marine mollusks 
(DeMoreno et al. 1976).  Yet increases in molar % EPA and DHA consistent with a homeoviscous 
response were recorded in Group A during this investigation despite their dietary absence. 
Tocher (2003) suggested a 3-step synthesis of EPA from alpha-linolenic acid (ALA), 
18:3n-3, and an additional 4-step sequence from EPA to DHA in teleost fish.  The pathway of de 
novo synthesis of both EPA and DHA according to Tocher (2003) requires the Δ5 and Δ6 
desaturases.  Evidence of Δ6 desaturase activity has been elusive in marine invertebrates (Tocher 
2003) largely because compounds whose syntheses require it are acquired from their abundance 
in the trophic web.   On the other hand, evidence for the Δ5 desaturase in M. mercenaria exists 
through the de novo synthesis of 22:2 NMIs which involves 5-steps of elongation and desaturation 
of palmitic acid, 16:0, for both species, 22:2Δ7,13 and 22:2Δ7,15 (Zhukova 1991).  
In the present investigation α-linolenic acid, ALA, was almost twice as abundant as 
palmitic acid, 16:0, (33.0 molar % and 19.2 molar %, respectively) in Group A’s monoculture diet 
of Dunaliella tertiolecta (Caers 1998) and therefore almost twice as available to synthesize EPA 
and DHA over 22:2 NMIs.  Indeed, the profile of increases in molar % ∑[EPA+DHA] and molar 
% 22:2 NMIs during the sampling period of most rapid temperature decline between October 19 
and November 2 highly resemble the ratio of dietary availability of their respective precursors, 
ALA:palmitic acid (Figure 26).  The Chi-squared value was less than the critical value of 3.84 (χ2 
= 1.93) for one degree of freedom yielding no statistically significant difference, and demonstrates 
a direct relationship between relative precursor abundance and synthesis of EPA, DHA and 22:2 
NMIs.   
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Figure 26.  Molar % of dietary precursors (palmitic acid and alpha-linolenic acid) to Group 
A increases in incorporated 22:2 NMIs and EPA+DHA, respectively.  Measured increases in 
molar % 22:2 NMIs, EPA and DHA are during period of rapid temperature decrease between 
October 19 and November 2.  A scaling factor of 5 was used for molar % fatty acid 
incorporation to satisfy the Chi-Square test for goodness of fit criteria for. 
 
The time-series Group A unsaturation index demonstrated a predictably negative 
correlation to temperature in this study (Figure 27a).  Although speculative, the trivial increase in 
EPA (Figure 27b) with respect to unsaturation index during this interval may not represent a lack 
of EPA synthesis, which is along the pathway to DHA synthesis; rather it suggests an elevated 
conversion from EPA to DHA (Tocher 2003) resulting in stagnant accumulation of EPA.  The 
magnitude and timing of increased DHA mass per clam (Figure 27b) coinciding with rising 
unsaturation index infers its role in HVA during the transition to late-phase and should be 
considered a likely result of endogenesis.   
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Figure 27a. 
 
 
Figure 27b. 
 
Figures 27a and b.  a) Negative correlation between the Group A unsaturation index and 
temperature, and b) changes in EPA and DHA mass per clam (μmol∙clam-1) during the 
interval of transition to late-phase from October 19 to November 2, 2011.   
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The November 30 anomaly 
Three of the fatty acids having greatest influence on the unsaturation index, EPA, DHA and the 
22:2 NMIs, plummetted on November 30 seemingly without justification based on a 2-week time 
series resolution of fatty acids and temperature (Figures 5c, d and e).  The average drops in molar 
% of EPA, DHA and 22:2 NMIs were 0.3, 5.0 and 7.7, respectively, summing 13.1 molar %.   
The unsaturation index (UI) is calculated as the sum of the products of molar % unsaturated 
fatty acids and the number of double bonds in each: 
 
UI = ∑[molar% UFA * # double bonds/UFA] 
 
The combined effect of the sudden drop in EPA, DHA and 22:2 NMIs on the average UI was 
negative 47.1 points.  It would be expected that the UIs would have dropped as well, however, the 
UIs were not affected; rather each sub-group’s UI remained true to their negative correlations to 
temperature (Figure 5h).  Instead, 16:4n-3 and short chain fatty acids (SCFAs; < 16 carbons in 
length) increased substantially (Figures 5f and g) contributing an average of 29.1 and 10.1 points, 
respectively, to maintain the UIs.    
The unexpected drops in EPA, DHA and 22:2 NMIs, despite the concomitant fidelity of 
the UI to its negative relationship to temperature, may be understood more clearly through a more 
resolute time-series of average daily temperature leading up to the November 30 sampling (Figure 
28).  An increase of 3.3°C  over 5 days would tend to effect a reduction in cell membrane 
unsaturation as a homeoviscous response, purging long chain polyunsaturated fatty acids 
(LCPUFA) to maintain constant membrane viscosity (Sinensky 1974).  Reductions in incorporated 
EPA, DHA and 22:2 NMI during this period of rising temperature suggest they may have been 
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hydrolyzed for use as energy (Hulbert et al. 2005).  The subsequent 1.4˚Cˑd-1 drop in average daily 
temperature on November 30 likely triggered a rapid, one-day homeoviscous response featuring a 
deliberate rise in hexadecatetraenoic acid, 16:4n-3, and SCFAs, which contribute greatly to 
membrane fluidity (Cronan & Gelmann, 1975; Eliasz et al. 1976; Suutari et al. 1995).   
With the exception of Group A’s diet (Dunalliela tertiolecta) with 9.9% molar fatty acid 
content (Caers et al. 1998), all other diets were devoid of  hexadecatetraenoic acid.  Elevated 16:4n-
3 on November 30, therefore, coupled with concomitant decreases in palmitic acid, 16:0, in all 
groups (Figure 29), suggest the 4-step desaturation of 16:0 to 16:4n-3 may represent a first 
response, preferred means of elevating the unsaturation index in the face of rapid thermal decline.  
It also suggests M. mercenaria may possess the means of de novo n-3 biosynthesis from palmitic 
acid.  Confirmation of this ability is beyond the scope of this investigation, but might be achieved 
by tracing 14C-labeled palmitic acid in juvenile M. mercenaria according to the methods of 
Waldock and Holland (1984) through a similar environmental temperature regime encountered in 
this study.   
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Figure 28.  Daily time-series of average temperature leading up to the November fatty acid 
anomaly. 
 
 
 
Figure 29.  Time-series plot of palmitic and hexadecatetraenoic acids for all Groups A - E, and 
subgroups wild and notata.   
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Temperatures leading to the dynamic response demonstrated here took place within the 
lower thermal range of the late-phase.  Hexadecatetraenoic acid, 16:4n-3, would therefore be 
considered homeoviscously favorable in the lower thermal range, but with less fluidizing power 
than DHA, 22:6n-3, since it is less unsaturated.  The measured increases in SCFAs and 16:4n-3 
(4-step desaturation of 16:0) suggest they are two preferred means of homeoviscous adaptation on 
short notice over 22:2 NMI syntheses (favorable above 12˚C) and DHA (7-step synthesis from 
ALA).  
 
Conclusions 
The relationship between diet and the mortalities of juvenile M. mercenaria during the 2011 
autumn declining temperature regime in Great South Bay were statistically significant, supporting 
hypothesis H1.  Several factors measured in this study contributed to this conclusion.  Firstly, the 
relative consistency of the DHA:EPA ratio and their stark distinctions among dietary treatments 
suggest n-3 HUFA incorporation was proportional to dietary abundance. Secondly, the patterns of 
mortality observed in this investigation suggest that high dietary EPA resulted in lower mortality 
above 12°C and high dietary DHA resulted in lower mortality below 12°C, as articulated in 
hypothesis H2.   
Mortality of juvenile M. mercenaria related to thermal stress of declining temperature 
likely exhibits a delayed response.  With this in mind, quantifying mortality requires associating it 
with a specific causal event.  When delays in mortality are considered, the causal events associated 
with mortality conform to a high degree with hypothesis H2; i.e., low mortality was associated 
with high dietary EPA during the early-phase of thermal decline (above 12°C) and low mortality 
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was associated with high dietary DHA during the late phase (below 12°C).  Furthermore, a linear 
regression of dietary DHA deficiency w.r.t. homeoviscous DHA demand explained 87% and 68% 
juvenile M. mercenaria mortality as temperature descended rapidly into the lower thermal range 
of the late-phase. 
The declining temperature regime of this preliminary experiment provided thermal conditions 
favorable to promote EPA and DHA synthesis as a homeoviscous response.  During this 
experiment, increases were measured in Group A molar % EPA and DHA and absolute EPA and 
DHA mass per clam despite their dietary absence.  These increases suggest a pathway to de novo 
EPA and DHA biosynthesis from their precursor, α-linolenic acid.  However, further inquiry 
employing temperature change as a catalyst to promote synthesis of EPA and DHA in juvenile M. 
mercenaria following the C14 tracking methods described by Waldock and Holland (1984) is 
recommended.   
Finally, ambiguity arising from the multiple factors potentially affecting the magnitude of 
late-phase mortalities in Groups A, C and D is unsettling; i.e., causality might be attributed to 
crossing the threshold of ~12°C or the high rate of temperature decrease.  The experiment 
described in Chapter 3 addresses this issue.  
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Chapter three 
 
Mortality of first-year cultured northern quahogs, Mercenaria mercenaria, through 
thermal decline:  Impacts of low temperature, the rate of temperature decrease and dietary 
20:5n-3 and 22:6n-3 
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Abstract 
In the preliminary investigation, first-year cultured northern quahogs, Mercenaria mercenaria 
(Linnaeus, 1758), were administered a matrix of dietary highly unsaturated n-3 fatty acids, 20:5n-
3 and 22:6n-3, to observe their effect on mortality during homeoviscous adaptation to decreasing 
temperature. Those juvenile M. mercenaria were subjected to high magnitude thermal fluctuations 
of the natural, declining temperature regime of Great South Bay, a temperate estuary in New York 
State, in fall 2011.  Dietary abundance of 20:5n-3 was associated with lower mortality during the 
upper range of the temperature decline (18°C-12°C), and 22:6n-3 with lower mortality during the 
lower range (12°C-6°C), suggesting a unique role for each in supporting homeoviscous adaptation 
within each respective thermal range.  High survival of a group whose diet was devoid of these n-
3 fatty acids was associated with high molar % increases of endogenic non-methylene-interrupted 
fatty acids, 22:2Δ7,13 and 22:2Δ7,15.  Conversely in the current investigation, similarly grouped 
juvenile M. mercenaria all experienced statistically insignificant changes in incorporated 
22:2Δ7,13 and 22:2Δ7,15 when subjected to a mild temperature decrease of 0.2°C per day, 
suggesting the high magnitude thermal fluctuations of the prior investigation might signal the 
synthesis of non-methylene-interrupted fatty acids.  The unfavorable circumstance of this group 
deprived of dietary 20:5n-3 and 22:6n-3 was exacerbated by diminishing incorporation of these 
two fatty acids throughout the study period and suffered the earliest and highest overall mortality 
of all dietary treatments.  High early-phase mortality of this same group was associated with high 
levels of previously incorporated 22:6n-3, considered to be homeoviscously unfavorable at the 
upper thermal range above 12°C. 
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Introduction 
Results of the preliminary investigation (Chapter 2) in the fall of 2011 supported hypothesis H2 
that elevated dietary abundance of eicosapenaenoic acid (EPA) and docosahexaenoic acid (DHA) 
have distinct impacts on the early- and late-phase survival of juvenile M. mercenaria.  Groups fed 
substantial dietary EPA (Groups C and D) displayed negligible mortality during the temperature 
decline at the higher thermal range above 12°C and the group fed abundant DHA (Group B) 
experienced lower mortality below 12°C.    High rates of mortality in all groups receiving zero to 
moderate levels of dietary DHA, ranging from 48% to 93% of total initial sample pools, occurred 
within a 2 week period and were associated with two significant thermal events that occurred 
contemporaneously: the rapid decline in average daily temperature from 14.5°C to 7.9°C over 5 
days, and the crossing of the approximate threshold of 12°C from early- to late-phase.  It is not 
clear to which factor these mortalities should be attributed or to each what extent.  
A supplemental experiment, which is the subject of this chapter, was designed to discern 
the degree to which each of these two factors should be attributed to those mortality events.  In the 
current experiment, 3 groups of juvenile M. mercenaria notata were provided a mild, even 
temperature decrease to contrast the wildly fluctuating thermal regime of the natural environment 
during the preliminary investigation.  The study provided a laboratory controlled temperature 
decrease from 18°C and 6°C over 65 days, the 20 year average duration for this range of decrease 
in Great South Bay, New York.   Below 6°C quahogs do not feed (Grizzle et al. 2001).   
An additional component of the current experiment stems from the high early-phase 
survival of Group A whose diet was devoid of both EPA and DHA.  High survival of this group 
strayed considerably from the rubric established in the preliminary investigation correlating high 
dietary EPA with low early-phase mortality.  A prior association was reported in Chapter 1 
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regarding the functional similarity of EPA and the 22-carbon diene non-methylene-interrupted 
(22:2 NMI) fatty acids, 22:2Δ7,13 and 22:2Δ7,15 in homeoviscous adaptation.   These irregularly 
unsaturated fatty acids were not present in any of the cultured diets and, in general, are not 
manufactured in marine phytoplankton; rather they must be biosynthesized de novo by M. 
mercenaria, or made by modification of precursor molecules.  In the preliminary investigation 
elevated 22:2 NMI incorporation was observed in Group A’s lipid profile, the highest among all 
experimental groups, indicating that prolific biosynthesis of these compounds occurred in response 
to rapid thermal fluctuations in the absence of dietary EPA and DHA.  This experiment will enable 
a comparison of that biosynthetic response to one solicited by a mild, even temperature decrease. 
 
Methods 
Experimental apparatus 
The three experimental diets (A, B and C) contained a matrix of EPA and DHA abundance 
described in Table 1.  “High” and “low” abundance are qualitative terms, but would quantitatively 
correspond to 10% molar or higher, and below 3% molar for high and low, respectively, based on 
the typical ranges of highly unsaturated fatty acids found in marine algae.  The experimental 
quahogs were provided a mild temperature decrease averaging 0.2°C∙d-1 for 65 days.  The 
temperature was stepped down 1.0°C every 5 days using a Delta Star chiller and NEMA 4X Digital 
Temperature Controller from Aqualogic, Inc.  Temperature was logged once before each feeding 
twice daily. 
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Table 1.  Matrix of dietary docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) 
available in three experimental groups, A, B, and C, of northern quahogs of the aquaculture 
selected notata variety of Mercenaria mercenaria.  Target dietary abundances of EPA and 
DHA are high, low and none. 
 
 
 
 
Each dietary treatment was administered in triplicate, each isolated in a separate system 
receiving the same diet and subject to the same controlled temperature regime.  Each subgroup (1, 
2 and 3) of each group (A, B and C) began with 300 first-year juvenile quahogs of the selected 
notata variety, mean shell length (MSL) 8.16 mm ±0.72.   One additional subgroup (control) was 
established for each dietary treatment in an isothermal system at 19°C ± 1°C with 300 individuals 
each.  They otherwise received the same dietary and water quality treatment as the experimental 
subgroups without thermal fluctuation.  The juvenile quahogs were provided by the Town of Islip 
Shellfish Culture Facility, New York.   
All subgroups (1, 2, 3 and control) of 300 quahogs were maintained in 16-liter well-aerated 
vessels providing favorable density for high survival (Kraeuter et al. 1998).  Aeration provided 
sufficient circulation within these vessels to maintain suspension of the cultured algae which 
served as their diets.  In order to assess clearance rates, feedings were administered twice daily.  
Cell counts were performed at each feeding using a Neubauer haemocytometer with 0.1 mm deep 
counting chamber.  Average clearance rates in each system (sub-group) were calculated as percent 
algal cells removed from suspension per day per quahog.  Water changes were provided at a rate 
of 50% per feeding, twice a day, for a total of 75% per day to minimize potential effects of poor 
FA/Diet A B C
EPA none low high
DHA none high low
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water quality.  Change water was thermally pre-conditioned before it was integrated into the 
systems. The thermally controlled system containing all these experimental subgroups was 
insulated on all sides, top and bottom to minimize the effects of incidental thermal fluctuation 
within the laboratory.  Mortality was determined by gaping valves and recorded daily at the time 
of first feeding at which time all expired individuals were removed, counted and shell length 
measured.   
Intensive sampling occurred approximately every 13 days which accounted for a resolution 
of 6 data points during the 65 days in the experimental period.  On these dates the shell lengths of 
sixty randomly selected individuals per sub-group were measured to monitor changes in mean 
shell length (MSL) over time.  Also, soft tissue biomass from 12 randomly selected individuals 
from each subgroup was procured, offering triplicate fatty acid data for each dietary treatment.  
Biomass samples were stored in methylene dichloride at -20°C (Parrish 1999) until lipids were 
extracted and esterified.   
 
Experimental diets 
The three groups (A-C) were provided monocultures of three different algal species common to 
the field of bivalve aquaculture.  These dietary treatments were administered to all subgroups (1, 
2, 3 and control) equally. Stock cultures of these species were acquired from the Town of Islip 
Shellfish Culture Facility, East Islip, NY, and the National Atmospheric and Oceanic 
Administration (NOAA) Fisheries, Northeast Fisheries Science Center, Milford Laboratory, CT.  
The dietary treatments conformed to those of the preliminary investigation for comparison of 
results. The Group A diet was a monoculture of Dunaniela tertiolecta (Butcher, 1959), devoid of 
both DHA and EPA and no fatty acids longer than 18 carbons; Group B was a monoculture of 
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Tisochrysis lutea (Bendif and Probert, 2013), low in EPA and high in DHA; Group C was a 
monoculture of Thalassiosira weissflogii (G.Fryxell & Hasle, 1977), high in EPA and low in DHA 
(Table 1).  All dietary fatty acids were verified through gas chromatography (GC) with same 
methodology as in the preliminary investigation (Table 2).   
The algae were cultured in 20 L carboys and illuminated under continuous light with actinic 
blue T5HO bulbs and harvested during the logarithmic growth phase to achieve consistent 
nutritional profiles.  Growth media aeration was enriched with approximately 1% carbon dioxide 
gas; mixed in a chamber before delivery and measured with a Vaisala CO2 meter.  For any given 
week two sets of cultures were harvested for daily feedings, and a third set was retired.  This third 
set was cleansed, re-inoculated with new starter culture then given a full week to reach appropriate 
density before harvesting during the logarithmic growth phase, at which time the older active set 
was retired.  The rotation began three weeks before the commencement of the feeding trial and 
continued until the controlled temperature was decreased to 5°C.  Algal dry weights were measured 
to verify quantity of dietary culture administered per quahog dry weight during this experiment 
according Zhu et al. (1997).  
 
Mortality 
Mortality occurred in both the experimental groups and the isothermal control groups.  Mortality 
of the isothermal control groups cannot be attributed to the thermal decline.  Alternatively, 
mortality of all groups may be attributed, to some degree or other, to non-thermal factors such as 
reduced condition as a result of being transplanted to the lab environment (Doall et al. 2008) and 
nutritional inadequacies of their monoculture diets (Wikfors et al. 1992).  Subtracting the mortality 
of the control subgroup from the mortality of the experimental subgroups creates a corrected value 
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which serves to more accurately express mortality of the experimental subgroups derived 
specifically from thermal decline.  “Corrected mortality” is denoted as such and distinguished from 
“mortality” in the Results and Discussion sections.  
 
Analyses 
Lipid extraction for clam biomass was based on Folch et al. (1957) and the derivatization procedure 
for lipid extract was based on Morrison and Smith (1964).  Analysis of fatty acid methyl esters 
(FAME) from environmental seston and clam biomass were performed by gas chromatography 
(GC).  The GC was equipped with a polyethylene glycol TG-WAXMS GC (30m X 0.25mm ID X 
0.255µm film thickness) capillary column from Fisher Scientific, Hanover Park, IL.  FAME was 
identified by comparison of retention times to individual EPA and DHA standards, and 37 
component FAME mix standard from Supelco, Bellefonte, PA.  Peaks for hexadecatetraenoic acid 
(16:4n-3) and 22:2 NMIs were identified by comparison with chromatograms from the 2011 
investigation.  Procedure for measuring dry weights of quahogs and dietary algal biomass were 
based on Zhu and Lee (1997). 
 
Clearance rates 
At each feeding (twice daily) 50% total volume of treatment vessel was evacuated and new algal 
culture was added.  Clearance rates were calculated as the total number of cells consumed per day 
divided by the total number of cells added to their treatment vessel per day, expressed as (cells 
consumed per ml)∙(cells added per ml)∙d-1 or simply (ml∙ml-1∙d-1).  Calculation of “consumed cells” 
did not included cells removed from treatment vessels via water change, i.e., only 50% cells 
remaining after feeding were made available at the next feeding. 
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Statistical analyses 
Means and standard deviations of dietary measurements and triplicate quahog fatty acid 
measurements are reported in tabular form.  ANOVAs were performed for juvenile M. mercenaria 
incorporated EPA, DHA and 22:2 NMIs to assess the statistical significance of changes in 
measured values over time; and to determine statistical significance between early- and late-phase 
cumulative mortalities of Groups B and C with diets rich in DHA and EPA, respectively. 
 
Results 
Dietary fatty acids 
Samples of each culture were analyzed periodically throughout the duration of the study.  Results 
of dietary fatty acids analyses affirm the distinctions assumed in the experimental design (Table 
2).  Diet A, monoculture of D. tertiolecta, was completely devoid of DHA and EPA; Diet B, T. 
lutea, was high in DHA and devoid of EPA; Diet C, T.  weissflogii, was high in EPA and low in 
DHA.  While the absence (0.0 % molar) of EPA and DHA in D. tertiolecta was consistent with 
published values (Caers et al. 1999), the average measured value of molar % DHA in T. lutea  was 
much higher (+6.0 % molar) than published value of T. lutea (Da Costa et al. 2016), and average 
molar % EPA of T. weissflogii was lower (-3.1 % molar) than the published value (Borges et al. 
2011).  
 
Table 2.  Mean values with standard deviations of dietary fatty acids analyzed by gas 
chromatography throughout the experimental period.  Dunaliella tertiolecta was devoid of 
DHA and EPA.  Tisochrysis lutea was high in DHA and devoid of EPA.  Thalassiosira 
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weissflogii was high in EPA but low in DHA. Non-methylene-interrupted fatty acids (NMIs) 
were not present in any of the mono-culture diets.  “-” represents values <1.0%. 
 
 
Influence of dietary abundance  
One-way ANOVAs of quahog molar % EPA and DHA showed no statistically significant 
differences (P = 0.22 and 0.24, respectively) among the 3 groups before feeding began on 
November 28.  After administration of dietary treatments had begun, fatty acid profiles of juvenile 
quahogs varied significantly among groups over time (Appendix B); low P-values (P < 0.05) of 
DHA:EPA ratios among all groups (A, B and C) indicate that different dietary treatments resulted 
in statistically significant differences in EPA and DHA incorporation corresponding to dietary 
abundance (Appendix D; Figures 9a-c).   
 
FA n = 3 n = 9 n = 5
 14:0 - 24.7 ± 1.8 12.1 ± 2.8
 15:0 - - 7.9 ± 9.2
 16:0 24.4 ± 2.5 17.0 ± 3.4 20.6 ± 4.2
 16:1 - 3.2 ± 1.9 29.4 ± 3.4
 16:3n3 - - 12.4 ± 1.9
16:4n3 9.3 ± 1.1 - -
 17:1 4.7 ± 1.2 - -
 18:1n9c/t 2.9 ± 0.9 10.7 ± 1.0 -
 18:2n6c 6.0 ± 0.9 2.1 ± 2.5 -
 18:3n6 4.2 ± 0.2 - -
 18:3n3 31.5 ± 2.2 7.2 ± 1.3 -
 18:4n3 - 15.2 ± 3.1 -
 20:1n9 - 1.1 ± 1.8 -
 20:5n3 - - 14.2 ± 2.9
22:2 NMIi - - -
22:2 NMIj - - -
 22:6n3 - 18.1 ± 1.2 1.8 ± 2.2
total 83.0 99.4 98.5
T. lutea T. weissflogii
Molar % Molar % Molar %
D. tertiolecta
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Effect of diet on mortality  
The focus of this study was to eliminate high-rate of thermal decline as a factor in mortality during 
homeoviscous adaptation to low temperature, and to isolate the effect of absolute temperature as a 
catalyst of mortality of the notata variety of juvenile quahogs given specific dietary regimens 
(Table 1) by providing a mild, even temperature decrease averaging 0.2°C∙d-1.  Under these 
conditions average cumulative mortalities among the 3 subsets of each group were 47%, 42% and 
24% for groups A, B and C, respectively (Figure 1).  Highest rates of mortality occurred at different 
thermal ranges with respect to dietary treatment. 
 
 
 
Figure 1.  Cumulative mortality of experimental groups under thermal decline. Group Means 
are enveloped by Standard Deviations.. 
 
Relatively low mortality also occurred in each control group held in isothermal systems.  
These groups received the same dietary treatments as those groups experiencing thermal decline.  
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Noteworthy is that the onset of mortality within each dietary treatment precipitated concurrently 
in both experimental groups and controls; days 14, 21 and 27 for Groups A, B and C, respectively 
(Figures 2a - c).  Subtracting mortality of the isothermal controls from each experimental group 
removes the effects of non-thermal factors and yields cumulative mortalities of 33%, 31% and 
17% for Groups A, B and C, respectively, attributed exclusively to thermal decline (Figure 3).  
 
 
Figure 2a. 
 
 
Figure 2b. 
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Figure 2c. 
 
Figures 2a - c.  Cumulative mortality of all sub-groups and controls.  a) Group A, b) Group B, 
and c) Group C. 
 
 
 
Figure 3.  Corrected cumulative mortality.  Values were calculated by subtracting non-
thermally related mortality experienced by control subgroups from experimental group 
means. 
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Daily mortality 
Mortality was identified and recorded on the morning when the valves (upper and lower shells) of 
individual quahogs were first observed “agape”.  Gaping valves is the result of loosening abductor 
muscles upon death.  Daily mortality is reported as number of individuals found dead per day.  
Corrected daily mortality of all three subgroups of Groups A, B and C is the number dead after 
non-thermally related mortality of the control groups are subtracted out (Figure 4).  Group A 
receive a diet devoid of EPA and DHA; Group B, received abundant DHA; Group C received 
abundant EPA.   
 
 
 
 
Figure 4.  Corrected daily mortality of 3 groups of juvenile quahogs.  The threshold between 
early- and late-phase is 12°C, which occurred between Days 27 and 33. 
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The DHA:EPA ratio 
Time-series profiles of the DHA:EPA ratios among all groups were a reflection of their dietary 
treatments, in similar fashion to the preliminary investigation (Figures 5a, b and c), confirming 
that dietary abundances of EPA and DHA were highly influential factors in n-3 HUFA 
incorporation.   
 
 
Figure 5a. 
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Figure 5b. 
 
 
Figure 5c. 
 
Figures 5a, b and c.  DHA:EPA ratios and temperature profiles.  Ratios are similar under all 
three dietary treatments in both studies:  a) preliminary investigation (2011,Chapter 2) and, 
b) experimental groups, supplemental experiment (2012), and c) control groups, supplemental 
experiment (2012).   
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22:2 NMIs and n-3 fatty acids in M. mercenaria 
Time-series 22-carbon non-methylene-interrupted fatty acids (22:2 NMIs) and n-3 fatty acids, 
EPA and DHA, for all groups are found below (Figures 6a-c).  22:2 NMIs are not found in the diet 
of M. mercenaria and must be synthesized.  Resultes of Chapter 2 suggests EPA and DHA may 
be synthesized in M. mercenaria if the homeoviscous demand is warranted through decreasing 
temperature. 
 
 
Figure 6a. 
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Figure 6b. 
 
 
Figure 6c. 
 
Figures 6a-c.  Average time-series values with standard deviations for all groups: (a) 22:2 
NMIs, and n-3 fatty acids, (b) EPA, and (c) DHA. 
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Discussion 
The above Results express data which may require contextual framework to reveal their 
significance.  Removing the element of “rapidly decreasing temperature” in this experiment has 
distinguished it from the effect of “absolute temperature” in assessing the efficacy of diet on the 
homeoviscous adaptation through different thermal ranges.  The homeoviscous signal for 
endogenous fatty acid biosynthesis was apparently not present in juvenile M. mercenaria subject 
to a mild average rate of 0.2°C∙d-1 decrease provided in this experiment.  It emphasizes the unique 
role of rapidly decreasing temperature on the synthesis of EPA, DHA and 22:2 NMIs in their 
dietary absence.  Results this experiment combined with those described in Chapter 2 suggest the 
magnitude of endogenous production of these three fatty acids is governed by the dietary presence 
of their precursors and homeoviscous signal of rapidly decreasing temperature.  In this section the 
timing of mortality is considered, as introduced in Chapter 2, as delayed consequence of specific 
fragments of prior temperature decrease.  The positive relationship between dietary EPA or DHA, 
and elevated mortality attributed to specific thermal ranges for which they are considered 
unfavorable, is also discussed.   
 
Thermal stress and the timing of juvenile M. mercenaria mortality  
Peak mortality for Group B (high dietary DHA) occurred after the period of transition temperature 
(12°C) from early- to late-phase, contrary to hypothesis H2 which suggests a diet rich in DHA 
would suppress mortality associated with thermal decline at temperatures below 12°C (Figure 4).   
However, associating elevated mortality with a specific temperature signal within a specific dietary 
group may require consideration of the lag periods identified in the preliminary investigation of 
Chapter 2.   
 111 
 
Scientific literature describing the effects of low temperature on mortality of M. 
mercenaria lacks the element of decreasing temperature (Bricelj et al. 2006).  In contrast, there is 
abundant literature describing the occurrence of fishkills in nature resulting from rapidly 
decreasing temperature.  Several studies serve to legitimize the notion that hypothermic shock in 
ectothermic fishes results in a series of physiological pathologies ultimately leading to a lag period 
between causal temperature and death (Elliott 1981, 1991).   
Mortality of ectothermic fishes may linger for weeks after thermal shock (Beitinger et al. 
2000).  It might be expected, therefore, that following an episode of decreasing temperature 
ectothermic juvenile M. mercenaria experiencing hypothermic shock might generate a 
concomitant daily mortality profile that lingers for a defined period of time.  The daily mortality 
profiles during the declining temperature regime of the fall 2011 preliminary investigation largely 
fit this expectation.  Cumulative mortalities following each episode of thermal decline thus 
represent subsets of whole experimental populations susceptible to hypothermic shock within the 
sample populations.  
In the preliminary investigation, Groups A, B, and C, daily mortality rates increased for 
16d, 14d and 10d, respectively, following the causative events before tapering to low, thermally 
untraceable background mortality.   Although speculative, within these moribund sub-populations, 
those that expired earlier may have done so from acute susceptibility, while those expiring later 
may have been less acutely susceptible to thermal shock.  Furthermore, those of the greater 
experimental population that were not counted among the dead were likely affected to some degree 
by the thermal event but may have been able to evade death within the period of investigation and 
sampling.  F.E.J. Fry, considered “the father of fish environmental physiology,” suggested that the 
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effects of acclimation to a thermal event may continue throughout the life of the organism 
(Beitinger et al. 2000).   
Results of this experiment, and those of the fall 2011 preliminary investigation, suggest 
that magnitude of juvenile M. mercenaria mortality from hypothermic shock might be evaded in 
proportion to n-3 HUFA dietary abundance, either EPA or DHA, within the upper and lower 
thermal ranges, respectively. 
 
Early- and late-phase mortality  
Based on the above reasoning, quantifying either early- or late-phase mortality would be on a “per-
event” basis.  Episodes of elevated mortality linked to specific thermal events would be attributed 
entirely to the particular thermal range within which is falls, i.e., early- or late-phase.   
Alternatively, low background mortality which cannot be traced to a specific thermal event would 
simply be attributed to the thermal range at time of death.  This is graphically evident in a time-
series chart of corrected, time-delayed, daily mortality (Figure 7), in which mortality “events” are 
attributed to the thermal range within which the causative thermal event occurred.  Herein the same 
time-delay values derived empirically from preliminary investigation data are employed; i.e., 16d, 
14d and 10d for Groups A, B and C, respectively.  Below this figure is a bar chart for corrected, 
time-delayed cumulative mortality for all experimental groups associated with early- and late-
phases (Figure 8).  When the time-delays from the preliminary investigation are applied to results 
of the present experiment, early- and late-phase mortalities w.r.t. dietary n-3 HUFAs conform with 
greater agreement to hypothesis H2.  Data from this investigation are notata only. 
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Figure 7.  Corrected, time-delayed daily mortality of 3 groups of juvenile quahogs.  The 
threshold between early- and late-phase is 12°C, which occurred between Days 27 and 33.  
Peak mortalities of Groups B and C occur within those suggested in hypothesis H2 based on 
their respective dietary abundance of DHA (Group B) and EPA (Group C). 
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Figure 8.  Corrected, time-delayed cumulative mortalities for all experimental groups 
associated with early- and late-phases according to time-delays established in preliminary 
investigation for Groups A, B, and C.  Error bars are standard deviations among triplicate 
subgroups.  Data from this investigation are notata only.  
 
When mortality is employed as a proxy for poor homeoviscous adaptation, phase specific 
corrected cumulative mortalities of Groups B (low dietary EPA) and C (low dietary DHA) in 
Figure 5 conform greatly to hypothesis H2.  ANOVAs for the differences between early- and late-
phase mortalities were statistically significant (P < 0.05) for both Groups B and C in triplicate.  
 
Relationships among clearance rate, daily mortality and temperature 
Diminishing, sporadic clearance rates in Group A indicate early onset of stress in both 
experimental and control subgroups (Figure 6a –c) beginning with a temperature 17°C.  Diet, 
which was common in both thermal environments, may have been largely responsible for stagnant 
growth experienced across all Group A subgroups (Figure 6d).  Prolonged daily mortality in the 
experimental subgroups suggests thermal stress was elevated under conditions of decreasing 
temperature.  The arithmetic mean of elevated daily mortality between Days 14 and 30 occurs on 
Day 21.   
The drop in clearance rate in Group B (Figure 7a) began approximately 2 weeks into the 
feeding trail when the temperature descended to 15°C.  The arithmetic mean of daily mortality 
between Day 21 and 41 occurred on Day 33.  If the 14-day average lag period in mortality is 
applied to this trial, then the thermal conditions inciting this Group B mortality event occurs on 
Day 19 when the temperature was 14°C, one day before the lowest recorded average daily 
clearance for this group.  This result is consistent with hypothesis (H2) which states dietary EPA 
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is homeoviscously favorable within the upper thermal range (>12°C).  In this experiment Group B 
diet was devoid of EPA and abundant in DHA.  Mortality in Group B continued while temperature 
dropped below the threshold, but thermal stress associated with this mortality event is associated 
with 14°C.   
Thermal stress had no effect on changes in mean shell length (MSL) which continued to 
increase until temperature descended to 12°C (Figures 7d).  Below 10°C M. mercenaria do not 
grow.  Meanwhile, recorded MSL of the control group continued to increase until Day 65 (Figure 
7d).  Stress, indicative through reductions in clearance rate, may be due to inadequacies of the 
monoculture diet.  
Clearance rates of Group C were sporadic in both experimental and control subgroups 
(Figures 8a-c).  Arithmetic mean of elevated mortalities between Days 36 and 52 occurred on Day 
45. If the 10-day lag period in mean mortality from the preliminary investigation is applied to this 
trial, then the thermal conditions inciting this Group C mortality event occurs on Day 35, 2 days 
after the temperature dropped from 12°C to 10°C.  This is consistent with the hypothesis (H2) 
which defines 12°C the threshold below which n-3 HUFA homeoviscous favorability shifts from 
EPA to DHA.  Increases in MSL continued at a lower rate than in the B group through the early-
phase, but not through the late-phase when temperature dropped below 10°C when M. mercenaria 
do not grow. 
 
Biosynthesis of 22:2 NMIs, EPA, DHA and mortality  
The structural properties of EPA and DHA and their prominence among other cell membrane 
fluidizing agents were described in depth in Chapter 1.  Evidence from the fall 2011 preliminary 
investigation and this supplemental experiment demonstrate that lower mortality is associated with 
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high dietary EPA and DHA, for early- and late-phases, respectively, through declining 
temperatures of either wildly fluctuating or relatively uniform character.  However, during the fall 
2011preliminary investigation, in their dietary absence, quahogs relied solely on the endogenic 
biosynthesis of these n-3 HUFAs if their presence and distribution in cell membranes was 
preferential.   
Non-methylene interrupted fatty acids (NMIs) are unique in structure, straying from the 
uniform sequence of double bond spacing that follow conventional methylene-interrupted 
desaturase activity.   Their irregular structural properties effect a 10°C lower phase transition than 
their homologs (Zakhartsev et al. 1998; Pirini et al. 2007) which may be useful in maintaining 
membrane fluidity as environmental temperature descends.  The two species of 22:2 NMIs 
synthesized de novo by quahogs (22:2Δ7,13 and 22:2Δ7,15) follow two distinct pathways, both 
emanating from palmitic acid, 16:0 (Zhukova 1991).  Their presence in the quahog lipid profile is 
exclusively regarded as the product of endogenesis because these compounds are not generally 
found in their plankton diet (Barnathan 2009), and GC analyses confirmed their absence from the 
diets cultured in this experiment (Table 2).  During the period of most rapid temperature decrease 
in the fall 2011 preliminary investigation, measured increases in Group A’s ratio of incorporated 
molar % 22:2 NMIs and ∑[EPA+DHA] to the molar % of their respective dietary precursors, 
palmitic acid (16:0) and α-linolenic acid (18:3n-3), respectively, revealed no statistically 
significant difference via Chi-squared analysis (α < 0.05; Chapter 2).  This observation suggests 
that when absent from their diet and compelled by rapidly increasing membrane viscosity, (1) all 
three, 22:2 NMIs, EPA and DHA, are synthesized in juvenile quahogs, and (2) the degree to which 
each are synthesized is determined by the dietary availability of their precursors.   
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ANOVAs of three Group A subgroups’ molar % 22:2 NMIs show no statistically 
significant increases (P > 0.05; Figure 9a) before M. mercenaria descended into reduced over-
winter metabolism (i.e., below 6°C).  Group A’s mortality event during the early-phase coincides 
with stagnant levels of 22:2 NMIs coupled with a deprivation of dietary EPA (Table 1 and 2) which 
is considered favorable in the upper thermal range.  These facts illustrate the functional importance 
of EPA and 22:2 NMIs in homeoviscous adaptation of the upper thermal range (18°-12°C) as 
detailed in Chapter 1.  
 
 
Figure 9a. 
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Figure 9b. 
 
 
Figure 9c. 
 
Figures 9a, b and c.  Group A time series molar % (a) 22:2 NMIs, (b) EPA, and (c) DHA; with 
standard deviations.  There were no statistically significant differences (P > 0.05) in 
incorporated (a) 22:2 NMIs, (b) EPA, nor (c) DHA, in Group A through the range of declining 
temperature during this experiment. 
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ANOVAs of Group A’s EPA and DHA time series data also showed that no statistically 
significant changes (P > 0.05) occurred in quahog samples procured throughout this experiment 
(Figures 9b and c), inferring the absence of EPA and DHA synthesis.  These results suggest 
environmental signaling may have been too weak to incite 22:2 NMI, EPA and DHA synthesis.  
Sedgwick (1888) described how a frog, when subjected to slowly and gradually warming 
water, will to simmer to death before receiving an impulse to remove itself from the pot.  In like 
manner, a sufficient rate of thermal decline, according to the findings of Vigh et al. (1993) and Los 
& Murata (2004), did not occur during this experiment.  These data are also consistent with the 
conclusions made by DeMoreno et al. (1976) that yellow clams, Mesodesma mactriodes, showed 
no signs of either EPA or DHA synthesis under the isothermal conditions provided them, despite 
the dietary abundance of their precursor, α-linolenic acid (18:3n-3).   
 
Distinquishing the effects of absolute temperature and rapid decline on mortality  
Late-phase mortality under the natural temperature regime of the preliminary investigation (2011) 
was likely influenced by two distinct components: the range of absolute temperature and rapid 
temperature decrease.  This was problematic and provided the impetus for the present study.  In 
the face of rapid thermal decline, the range of environmental temperature will dictate which dietary 
n-3 HUFA (EPA or DHA) is favorable.  Since the dietary treatments for Groups B and C were 
consistent in both 2011 and the present experiment (2012), the fraction of mortality associated 
with the high rate of decline can be estimated by subtracting percent late-phase mortality in 2012, 
which was associated with absolute temperature alone, from that of 2011, which was likely the 
result of the both rapid decline and absolute temperature.  Based on this reasoning we can attribute 
13% mortality of Group B notata (high DHA) and 55% of Group C notata (high EPA) to rapid 
decline in the 2011 study.  It should be noted that the magnitude of temperature decrease may be 
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an important factor in effecting mortality.  In the 2011 investigation the highest magnitude 
decrease (1.3°C∙d-1) took place mainly in the late-phase (below 12°C).  This would unevenly bias 
against Group C and have greater influence on their late-phase mortality.  Further experimentation 
to consider the effects of high magnitude temperature decrease on mortality within both thermal 
ranges in recommended,  
 
Mortality from hypothermic shock and n-3 HUFA “toxicity” 
Chapter 2 described two simultaneous relationships at work regarding diet and mortality.  On the 
one hand there is a statistically strong negative correlation between favorable dietary DHA and 
mortality in the lower thermal range, suggesting the absence of this homeoviscously favorable 
dietary n-3 HUFA is detrimental (Chapter 2, Figures 19a and b).  On the other hand there is a 
statistically strong positive correlation between unfavorable dietary EPA and mortality in the 
upper thermal range (Chapter 2, Figures 20a and b), fueling a perspective in which unfavorable n-
3 HUFAs may be considered “toxic” agents in phase-specific mortality associated.  
The notion that either of the two n-3 HUFAs discussed here may be considered “toxic” 
when abundantly present in juvenile quahog’s diet is peculiar and will require some justification.  
Results of the 2011 and present studies demonstrate that incorporated levels of EPA and DHA are 
strongly influenced by diet.  Consistent with these observations, Hulbert et al. (2005) reported that 
cellular membrane composition in higher organisms is highly sensitive to dietary levels of n-3 fatty 
acids, like EPA and DHA, while incorporated levels of other saturated and mono-unsaturated fatty 
acids remains relatively consistent through dietary variations.  These data qualify the observed 
propensity of juvenile quahogs to indiscriminantly accumulate highly abundant dietary n-3 HUFA 
in their biomass.   
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Dietary fatty acids have three functional pathways once ingested: they may be (1) oxidized 
directly for energy, (2) incorporated into cellular membrane phospholipids, or (3) stored as triacyl 
glycerides, or TAGs (Hulbert et al. 2005).  When juvenile quahogs encounter an increase in 
membrane viscosity reflecting a decrease in temperature, a homeoviscous response is greatly 
facilitated by manufacturing new phospholipids from either (1) stored fatty acids, or (2) those 
acquired in their diet at the moment they are needed.  If demand for homeoviscously favorable 
fatty acids is not met by either of these two means, the pace of homeoviscous response may be 
overwhelmed by the physiological cost or process time of de novo synthesis.  In the meantime 
membrane lipids approach their phase transition resulting in progressively reduced metabolism 
through decreasing temperature (Gaughran 1947) leading to hypothermic shock.   
Early-phase mortality of Group A in the present experiment is a case in point (Figure 10).  
Group A received no beneficial HUFA (EPA in the early-phase) through their diet and there was 
no evidence of 22:2 NMI nor EPA biosynthesis; 22:2 NMIs and EPA remained statistically stable 
through the early-phase decline.  That is, Group A relied on the virtues of its existing fatty acid 
profile which was rich in DHA (10.4 molar %, SD = 1.9) when entering the mortality event.  Based 
on the results of the preliminary investigation, mortality might have been evaded with increased 
incorporation of EPA or 22:2 NMIs, which are favorable in the upper thermal range.  EPA can be 
retroconverted from DHA through a series of modifications including peroxisomal β-oxidation 
(Reddy 2001) at great physiological expense.   Likewise, 22:2 NMIs can be synthesized from 
palmitic acid, 16:0, (Zhukova 1991) which was abundant in the Group A monoculture diet of D. 
tertiolecta (24.4 molar %, SD = 2.5).  However, the relatively stagnant levels of EPA (Figure 6b) 
and 22:2 NMIs (Figure 6a) throughout the study suggest the mild temperature decline did not 
provide the required environmental signal to incite a homeoviscous response.  Consequently, the 
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mild early-phase decrease in temperature produced a Group A daily mortality profile resembling 
a gaussian distribution similar to the mortality profiles of the hypothermic shock events of the 
preliminary investigation.  As temperature descended gradually into the realm of DHA 
favorability, mortality also waned.    
 
 
 
Figure 10.  Group A total corrected daily mortality resembling Gaussian distribution during 
early-phase.   
 
Conclusions 
Results of this experiment provide further evidence in support of the patterns discussed in Chapters 
1 and 2 relating diet, fatty acid incororation and mortality of juvenile northern quahogs through 
decreasing temperature.  Dietary abundance of the two highly unsaturated fatty acids, EPA and 
DHA, had a dominating influence on the incorporated profiles of juvenile quahog fatty acids and 
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served as a harbinger of homeoviscous success or impending mortality through successive stages 
of temperature decrease.   
Rapidly decreasing temperature may cause hypothermic shock in juvenile M. mercenearia 
generating a daily mortality profile normally distributed around a central date long after the event; 
i.e., mortality from hypothermic shock occurring within the lower thermal range may be 
attributable to a thermal event of the upper thermal range.  Alternatively, mild decreases may affect 
only the most susceptible individuals of a sample population resulting in mortality closely 
following the mild change in temperature.   
The mild temperature decrease of 0.2°C∙d-1 of this experiment did not induce statistically 
significant changes in incorporated 22:2Δ7,13 and 22:2Δ7,15 in juvenile M. mercenaria.  This 
data suggest high magnitude thermal fluctuation may be a signal for the synthesis of non-
methylene-interrupted fatty acids.  As a consequence, Group A levels of EPA and 22:2 NMIs, 
considered homeoviscously favorable during the upper thermal range,  remained stagnant.  
Homeoviscous unresponsiveness of Group A to the initial stages of thermal decline, coupled with 
a high pre-existing level of incorporated DHA (10.4% molar), which is considered 
homeoviscously unfavorable during this range, was associated with the earliest and highest 
mortality of all groups during this experiment.  
As a result of the data generated by this experiment and the preliminary investigation, the 
effect of rapid, sustained temperature decrease on mortality was distinguished from the effect of 
absolute temperature during quahog acclimation to low temperature, and the fraction attributed to 
each was established for each dietary treatment.  These results form a solid foundation for 
modeling and predicting mortality of juvenile M. mercenaria based on the rate and magnitude of 
environmental temperature decrease and diet.   
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Chapter four 
 
Reconsidering an historic co-occurrence of a brown tide bloom and juvenile Mercenaria 
mercenaria mortality in light of temperature decrease, dietary fatty acids and homeoviscous 
adaptation 
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Abstract 
A number of studies have reported that algal blooms of the small-form pelagophyte, Aureococcus 
anophagefferens, also known as brown tide, have an inhibitory effect on the feeding apparatus of the 
northern quahog, Mercenaria mercenaria.  However, to date there has been only one published study 
attributing high mortality of juvenile M. mercenaria to Aureococcus anophagefferens. The authors of 
that spring/summer 2000 study, which was conducted in West Sayville, NY, at the same location as 
2011 preliminary investigation of this thesis, suggested the 67% cumulative mortality of juvenile 
quahogs, 2-3 mm mean shell length, was likely caused by starvation due to brown tide toxicity. 
However, a cold wave, not recorded within the one-week resolution of temperature data, struck the 
study region preceding peak mortality by approximately 14 days. Data from that study was 
reconstructed within the framework of homeoviscous adaptation to account for the unprecedented 
report of high juvenile M. mercenaria mortality from brown tide. Cumulative mortality, when 
attributed to this cold wave, displayed a high level of agreement to a regression model generated from 
data acquired from the 2011 preliminary investigation, suggesting juvenile quahog mortality was more 
likely the result of hypothermic shock precipitated by poor homeoviscous diet. 
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Introduction 
Eicosapentaenoic acid (20:5n-3), or EPA, is considered the favorable n-3 highly unsaturated fatty 
acid (HUFA) during the upper thermal range, above 12˚C, based on its structural contribution to 
cell membrane fluidity (Chapter 1) and empirical data (Chapters 2 and 3).  Docosahexaenoic acid 
(22:6n-3), or DHA, is alternatively considered favorable during the lower thermal range , below 
12˚C.  The notion that these two n-3 highly unsaturated fatty acids (HUFAs) might be considered 
“toxic” when incorporated as unfavorable during a high rate temperature decrease resulting in 
elevated mortality was discussed in Chapter 3.  High juvenile M. mercenaria mortality reported in 
a paper by Greenfield and Lonsdale (2002) may have been the result of such a scenario.   
The authors of that study, through analysis of data available at the time, concluded 
mortality was likely due to starvation caused by prolonged exposure to a dense brown tide bloom, 
Aureococcus anophagefferens.  But data provided in this thesis suggest it was more probably the 
result of hypothermic shock precipitated by poor homeoviscous diet.  Four facts support this claim:  
(1) despite numerous scientific studies examining the effects of elevated densities of A. 
anophagefferens on juvenile M. mercenaria, no statistically significant mortality has ever been 
reported except in Greenfield and Lonsdale (2002), (2) evidence suggests the brown tide bloom of 
2000 during their study was not toxic, (3) a cold wave struck the study region with the intensity 
capable of inciting hypothermic shock on marine ectothermic organisms, and (4) the timing and 
magnitude of mortality, w.r.t. this cold wave, conforms to those exhibited by 3 groups of juvenile 
M. mercenaria, receiving homeoviscously poor diets of the fall 2011 preliminary investigation. 
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Results of Greenfield and Lonsdale (2002) 
During that study, two separate groups of juvenile notata quahogs were situated in geographically 
distinct locations; Oyster Bay (OB) on the north shore of Long Island and West Sayville (WS) in 
Great South Bay on the south shore.  Each was subject to different brown tide bloom intensities 
and reported very different effects on growth and survival.  The OB group experienced normal 
growth rate and negligible mortality at low brown tide densities from 1x105 to 3x105 cells∙ml-1.  
At the WS site the majority of 67% cumulative mortality occurred as an “event”, whose profile of 
daily mortality resembled a Gaussian distribution akin to those following hypothermic shock in 
the fall of 2011.  Bloom densities at WS were on the order of 106 cells∙ml-1 for the duration of the 
mortality event, but were even higher (>1.5x106 cells∙ml-1) for several weeks preceding it.   
At these densities, experimental feeding trials of juvenile M. mercenaria with the toxic 
isolate of A. anophagefferens [CCMP 1708] have resulted in low clearance rate, reduced ash free 
dry weight (AFDW) but no statistically significant mortality (Wazniak and Glibert 2002); this is 
not to be confused with the non-toxic isolate of A. anophagefferens [CCMP 1784] isolated from 
Great South Bay in 1986 (Caron et al. 2003), which is associated with good growth of juvenile M. 
mercenaria on par with Isochrysis galbana, and negligible mortality (Bricelj et al. 2004).  There 
is no mention of the degree of brown tide toxicity of the 2000 WS bloom in Greenfield and 
Lonsdale (2002).  However, an independent study conducted on M. mercenaria grown in Great 
South Bay concurrent with Greenfield and Lonsdale (2002) suggests the persistent brown tide of 
2000 was not toxic.  Laetz and Cerrato (2003) found good growth of M. mercenaria adults 
throughout their 2000 growth season in Great South Bay, on par with non-brown tide bloom years.   
Diminishing AFDW is an indicator of suppressed feeding in M. mercenaria.  The 
diminishing AFWD measured in the 2000 WS group, concurrent with elevated mortality, suggests 
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the possible presence of brown tide toxicity.  But, diminishing AFDW would also be manifest in 
individuals experiencing hypothermic shock.  In the supplemental experiment described in Chapter 
3, reduced clearance preceded elevated mortality of Group B (similar homeoviscous diet and 
thermal range as 2000 WS group) by approximately one-week, and persisted throughout the period 
of elevated mortality.  Additionally, ectothermic fish lose physiological function, including the 
ability to feed, in response to rapidly decreasing temperature (Shafland & Pestrak 1982; Zale & 
Gregory 1989).  In this regard, diminishing AFDW can support either the starvation or 
hypothermic shock hypotheses.  But there are no reports in scientific literature suggesting juvenile 
M. mercenaria have starved to death.  Wikfors et al. (1992), examining the effects of 19 dietary 
treatments on juvenile M. mercenaria growth, included 2 unfed groups in their study which 
endured the 12-week trial each with 100% survival; only one group sustained reduced AFDW. 
Furthermore, the lion’s share of WS group mortality began accumulating immediately; 
peaking approximately 2 weeks after the study began.  Starvation has otherwise been described as 
a long-term phenomenon (Wazniak and Glibert 2004) and mortality of juvenile quahogs by 
starvation is only mentioned as a potential or hypothetically eventual result after prolonged 
exposure to toxic brown tide (Bricelj et al. 2004; Greenfield et al. 2004; Wazniak and Glibert 2004; 
Robbins et al. 2010 in adult quahogs) but has never actually been reported in scientific literature.   
 
Occurrence of rapidly decreasing temperature 
A closer examination of daily temperature from historic weather data reveals that during their 
period of investigation at both the north shore (OB) and south shore (WS) sites, yet not recorded 
within the weekly sampling resolution of that study, was a temperature anomaly which included a 
13.4°C drop in average daily air temperature over 4 days (Figure 1).   Most mass mortalities of 
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ectothermic fishes in nature are associated with decreasing temperature, and dozens of fishkills 
following such atmospheric cold waves of this magnitude have been recorded in the past century 
(Beitinger 2000).   
Although there is a phase lag in the water temperature function that follows the air 
temperature forcing in shallow aquatic systems (Kothandaraman & Evans 1972), the lag time is 
short, following closely the air temperature trend.  The air-water temperature differential was 
greater in the June 2000 event than in the October 2011 event described in Chapter 2 which resulted 
from an 8.4°C drop in average daily air temperature over 5 days.  The resulting thermal gradient 
between air and water in June 2000 created a forcing that likely generated a water temperature 
function (Caldwell et al. 1959) with steeper decline than in October 2011 at the same location.   
 
 
 
Figures 1.  Air temperature anomaly of June 2000 affecting both north and south shores of 
Long Island, New York, north and south shore temperature data at Oyster Bay and West 
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Sayville in Great South Bay, New York, respectively. June 2000 daily air temperature using 
data from the National Oceanographic and Atmospheric Administration – National Weather 
Service. 
 
Juvenile M. mercenaria mortality 
The cumulative mortality profile of the June 2000 WS group (Figure 2a) of Greenfield and 
Lonsdale (2002) closely resembles that of the three groups (A,C and D), associated with poor 
homeoviscous diet, in West Sayville during the fall 2011 study (Figure 2b) in timing and 
magnitude.  The fall 2011 water temperature decrease occurred below the 12°C threshold when 
DHA is the favored homeoviscous n-3 HUFA, and the mortality event afflicted the 3 experimental 
groups receiving moderate to no dietary DHA.  In contrast, the June 2000 water temperature 
decrease occurred above the 12°C threshold when EPA is the favored homeoviscous n-3 HUFA 
and these unfortunate juvenile quahogs were subjected to environmental seston dominated by a 
Category 3 brown tide bloom with moderate (5.1%) favorable EPA and very high (14.0%) “toxic” 
DHA (Bricelj et al. 1989).   
 
 131 
 
 
Figure 2a. 
 
 
Figure 2b. 
 
Figures 2a and b.  Cumulative mortality profiles of a) juvenile M. mercenaria in West Sayville, 
NY (WS) and Oyster Bay (OB) during spring/summer 2000 study (from Greenfield and 
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Lonsdale 2002) with measured average daily air temperature (blue ♦ diamonds), and water 
temperature values (measured = ●, projected = ○).  (The June 12 data point from Friends of 
the Bay water quality monitoring data, Oyster Bay, NY.  The June 13 data point from 
Greenfield and Lonsdale (2002), and b) juvenile M. mercenaria Groups A, C and D at the same 
West Sayville, NY site as the 2000 study. Fall 2011 air and water temperature data measured 
twice daily at time of study.  
 
Monitoring of growth, condition and mortality of the 2000 WS juvenile M. mercenaria 
began on June 19, the date when the experimental animals were received from the Blue Points 
Company in West Sayville.   That was 5 days after the cold wave.  But the experimental animals 
would have been subjected to the dense brown tide and the rapid drop in water temperature 
culminating on June 14th following normal feeding protocol at the Blue Points Company.  Under 
their handling protocol, juvenile M .mercenaria would begin feeding from environmental seston 
at 600 microns (0.6 mm) MSL (pers. comm. Craig Strong).  Experimental juveniles would 
therefore have been subject to densest brown tide concentrations (~1.5 x 106 cells∙ml-1) throughout 
the cold wave several weeks before they were established in the experimental groups.  According 
to this scenario, these quahogs would have sustained hypothermic shock 5 days before receipt and 
would have begun expiring immediately afterwards. 
When the portion of 2000 WS cumulative mortality associated with the June 14 causative 
thermal event (~60%) is plotted with all 4 fall 2011 notata subgroups receiving “toxic” dietary 
EPA within the thermal range when DHA is the homeoviscously favorable n-3 HUFA, a linear 
regression yields a high coefficient of determination, R2 = 0.8624 (Figure 3).  I.e., the molar % 
dietary “toxic” HUFA explains over 86% juvenile M. mercenaria mortality resulting from 
hypothermic shock.  The approximate mortality sustained by the 2000 WS experimental 
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population (~60%) is higher than the predicted value (~48%) for 14% molar dietary DHA found 
in Aureococcus anophagefferens.  Mortality above the upper 95% confidence interval suggests the 
smaller juveniles in this investigation (2-3 mm vs. 8.13 mm) may be more sensitive to hypothermic 
shock.  Nevertheless, all mortalities fell within the 95% prediction interval. 
 
 
 
Figure 3.  Linear regression of all fall 2011 notata subgroups receiving homeoviscously “toxic” 
dietary EPA and the 2000 WS group receiving homeoviscously “toxic” dietary DHA with 
associated event mortality of each group. The solid black line is predicted values of 2011 
hypothermic shock mortality, the dashed lines bracket the 95% confidence interval, and the 
solid blue lines bracket the 95% prediction interval.  The trend which includes 2000 WS 
thermal event mortality yields a coefficient of determination, R2 = 0.8624. 
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Based on this information and the timing and magnitude of mortality w.r.t. rapid 
temperature decrease and poor homeoviscous diet in the upper thermal range (above 12°C), it is 
likely that hypothermic shock precipitated this mortality event; and that the “toxicity” carried by 
the brown tide was in the form of abundant, homeoviscously unfavorable DHA (14% molar 
content). 
 
North Shore group (OB) 
Contrariwise to the WS group, the north shore OB group, sustained an equivalent radical 
temperature fluctuation (Figure 1) with negligible mortality. An assessment of the plankton 
community at OB found it was dominated by centric diatoms (EPA > 17.5% molar; Dunstan et al. 
1994), while brown tide, dinoflagellates and nanoflagellates (all high DHA) made up a small 
fraction (Greenfield and Lonsdale 2002).  This assemblage would have provided abundant dietary 
EPA, homeoviscously favorable in the upper thermal range.  Hypothesis H2 states that high dietary 
EPA will reduce mortality associated with decreasing temperatures above 12˚C and explains the 
negligible mortality at the OB site. 
 
Reconsidering other historic events 
Hypothermic shock may have also contributed to the great decline of the quahog harvest in Great 
South Bay during the late 1970’s.  Historical air temperature data suggest the fall seasons of 1977 
and 1978, preceding the decline in harvest discussed earlier, were afflicted with episodes of rapid 
decrease on par with those of June 2000 and fall 2011.  No phytoplankton data is available to 
assess the specific vulnerability of juveniles during these episodes, but data reported in this thesis 
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supports the notion that thermal stress may have contributed greatly to the demise of first-year 
juveniles from natural quahog populations in the late 1970s. 
 
Conclusions 
The recent analysis of Greenfield and Lonsdale (2002) data described here revealed factors that 
likely contributed to the massive mortality of juvenile M. mercenaria concurrent with a brown tide 
bloom.  The notion that dietary n-3 HUFAs likely played a role in this mortality is novel to this 
thesis and would not have been considered at the time of publication of that work.  The precision 
with which the regression model predicted the dietary content of unfavorable DHA is an indication 
of the importance of diet through decreasing environmental temperatures.  It also exhibits the 
vulnerability of filter feeding bivalves, like M. mercenaria, to the incidental shifts in 
phytoplankton assemblages and radical changes in atmospheric temperature.  Factors governing 
the timely availability of dietary fatty acids, and the algal blooms that deliver them, is a fertile 
topic for future research.  
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Chapter five 
 
Environmental Perspectives: 
Transient availabilities of dietary EPA and DHA during thermal decline and their 
consequences for aquaculture and natural populations of northern quahogs, Mercenaria 
mercenaria, in Great South Bay, New York 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 137 
 
Abstract 
Overharvesting of the northern quahog, Mercenaria mercenaria, from Great South Bay, New York 
in the 1960’s and 1970’s is the popular theory describing the reduction of native populations below 
self-sustaining recruitment levels.  Efforts to restore them in recent decades have been met with 
distinct environmental and physiological challenges faced by quahogs throughout the calendar 
year, including substantial risk of first-year juveniles that occur during the autumn season with 
potential high mortality.  As environmental temperatures descend to the phase transition of cellular 
membrane lipids juvenile quahogs exhibit suppressed growth rate, clearance rate, and oxygen 
consumption.  The preceding sections have established a logical pathway that describes the role of 
highly unsaturated n-3 fatty acids, EPA and DHA, in acclimation to decreasing temperature, and 
a series of regression models which predict cumulative mortality in their dietary absence.  This 
chapter discusses (1) how results of the preceding series of investigations answer the research 
questions presented in the Preface, (2) the multiple factors influencing environmental availability 
of these HUFAs, and (3) the challenges faced by custodians of Great South Bay, New York to 
restore native populations to former abundance, and the future success of the local northern quahog 
aquaculture industry.  
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Introduction 
Of all benthic dwelling bivalve filter feeding mollusks, the northern quahog, Mercenaria 
mercenaria, once neighbors to abundant oysters, Crassostrea virginica, scallops, Argopecten 
irradians, and mussels, Mytilus edulis, is uniquely suited to the present-day, largely barren, benthic 
sediments of Great South Bay, New York.  Quahogs, unlike oysters, are not constrained to the site 
and position at which they set as larvae; rather they migrate in all directions to accommodate 
protection from predation in the sediment and filter feeding from the water column.  Oysters are 
not motile and only prosper on elevated reefs with sufficient benthic flow to remove sediment 
deposition and pseudofeces (Stanley and Sellers 1986); oysters die in 2- to 7-days when covered 
in sediment during the growing season (Dunnington 1968).  Scallops, though motile, have suffered 
massive loss of their eel-grass habitat as a result of decades of increased turbidity which remains 
unchallenged without the water filtering capacity of historically abundant bivalve populations.  
When turbidity blocks photosynthetically available radiation (PAR) from reaching their beds on 
the bay bottom, eel grass wilts and dies (Moore et al. 1997).  Large swaths of eel grass have also 
been inadvertently destroyed by oyster and quahog harvesting equipment (Fonseca et al. 1984).  
And mussels, who attach their strong byssal threads to a firm substrate, have no sanctuary in the 
predominantly barren floor of Great South Bay. 
 As poikilotherms of the temperate climate, quahogs are adapted to maintain a continuum 
of functionality through the seasonally changing environment.  Temperature, however, has a keen 
and predictable effect on cell membrane viscosity; as temperature descends, membrane lipids 
approach their phase transition and become viscous to the point of solidifying; at which point 
growth ceases (Gaughran 1947).  These physiological challenges riddle restoration efforts of local 
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quahog populations and were the impetus for the investigation.  The series of novel investigation 
described in the preceding sections were designed in response to the two hypotheses: 
H1.  Varying the dietary abundances of 20:5n-3 and 22:6n-3 will influence the 
magnitude of juvenile quahog mortality as they adapt to decreasing 
temperatures.   
H2. High dietary 20:5n-3 will reduce juvenile quahog mortality through 
decreasing temperatures above 12˚C, and high dietary 22:6n-3 will reduce 
mortality through decreasing temperatures below 12˚C.   
In addition to supporting both hypotheses, results of the preliminary 2011 investigation 
described in Chapter two established a means of predicting cumulative mortality following rapid 
thermal decline based on dietary abundance of these two n-3 HUFAs.  The supplemental 2012 
experiment described in Chapter 3 served to answer questions remaining from the 2011 
investigation described in Chapter 2 by distinguishing the effects of absolute temperature and rapid 
temperature decrease on fatty acid synthesis and mortality.  The present section discusses abiotic 
factors which influence the availability of EPA and DHA in marine aquatic systems.  There is also 
a discussion on the consequences of low n-3 HUFA availability in the environment, its impact on 
efforts to restore natural populations, and what measures can be taken to protect commercial 
aquaculture interests in Great South Bay, New York. 
 
Environmental availability of EPA and DHA in phytoplankton 
The northern quahog captures suspended particles from the water column for food, which is in 
large part comprised of phytoplankton (Bayne and Hawkins 1992).  A study of the yellow clam, 
Mesodesma macrolides, by DeMoreno and co-authors (1976), as well as the results of the novel 
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experiments of this thesis, have demonstrated that, in general, the lipid profile of clams are a 
reflection of their diet.  Two major groups of phytoplankton, diatoms and dinoflagellates, tend to 
possess either high molar % EPA or DHA, respectively (Kattner & Hagen 2009).  It is a useful 
framework when estimating the nutritional value of seston as temperature decreases through 
specific phases of the autumn temperature decline.   
  
Shifting plankton communities: HABs 
Changes in plankton communities are often associated with changes in the nutrient supply ratios 
of nitrogen, phosphorus and silicate (Anderson et al. 2002).  Nitrogen is the limiting nutrient in 
marine and estuarine aquatic systems.  That is, nitrogen is the controlling nutrient in the growth 
and reproduction of algal biomass.  Development in coastal regions surrounding estuaries has 
resulted in unnaturally high nitrogen loading from sewage treatment discharge, septic system-
ground water infiltration, and agricultural runoff.  These alterations in coastal marine habitats have 
spawned increased incidence of harmful algal blooms (HABs; Heisler et al. 2008).   
 Membrane phospholipids of higher organisms are particularly sensitive to dietary 
abundance (Hulbert et al. 2005).  Therefore, under bloom conditions, the fatty acid profile of 
juvenile quahogs will be a reflection of the dominating algal species’ profile.  Dietary fatty acids 
found in seston are reliably transferred unchanged into copepod lipids of the next trophic level.  
These are employed as fatty acid trophic markers (FATM; Dalsgaard et al. 2003) to identify the 
ecosystem specific contribution of diatom and flagellates.  The local brown tide alga is rich in 
DHA with comparatively lower levels of EPA (Bricelj et al. 1989).  Chapter 3 discussed the 
apparent “toxicity” of n-3 HUFAs when incorporation outside of their favored temperature range; 
DHA is unfavorable above ~12°C and EPA is unfavorable below it.   
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Case in point, the anomalous 13.5°C drop in air temperature described in Chapter 4 
preceded a massive mortality event during a spring/summer 2000 study of two groups of juvenile 
M. mercenaria on Long Island, New York (Greensfield and Lonsdale 2002).  At the West Sayville 
site (WS) the authors reported a massive mortality event where the dominating plankton species 
was A. anophagefferens; rich in DHA.  At the Oyster Bay site (OB) the dominating phytoplankton 
group was diatoms, whose fatty acid profiles are exceedingly rich in EPA (Dunstan et al. 1994); 
negligible mortality was recorded at that site.  In the upper thermal range EPA is favorable and 
DHA is unfavorable, and may be perceived as “toxic” (See Discussion Chapter 3).  
 
Factors effecting EPA and DHA production in phytoplankton 
Environmental signaling and the biosynthetic pathways of the highly unsaturated omega-3 fatty 
acids in micro-phytoplankton is a function of the environmental factors such as oxygen saturation 
and temperature, light intensity, nutrient supply and other less prominent factors (Yongmanitchai, 
and Ward 1991).  The following sections deal with specific environmental conditions that, when 
present, affect the molar % of EPA and DHA and are likely to impact homeoviscous adaptation of 
juvenile quahogs through decreasing temperature. 
 
UV-B Radiation  
Increased UV-B penetration to the Earth’s surface is largely a function of stratospheric ozone 
depletion in the polar latitudes, but its lower extent reaches into the mid-latitudes (Häder et al. 
2007).  And the presence of cloud cover and haze, which are generally considered solar radiation 
attenuating factors, can produce localized increases in UV-B reaching the Earth’s surface 
(Estupiñán et al. 1996).   
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Several species of phytoplankton rich in EPA and DHA have been identified as sensitive 
to UV-B radiation, suffering reduced levels of these omega-3 HUFAs. Among them are 
Thalassiosira pseudonana, Isochrysis galbana and Prorocentrum micans, representing both 
diatom and dinoflagellate groups (Wang and Chai 1994).  Phototactical vertical migration, which 
directs dinoflagellates to the water’s surface during daylight hours (Hasle 1950), can therefore 
result in greater exposure to light aggravating their decline of EPA and DHA during episodes of 
high UV-B surface penetration.  Wang and Chai (1994) also determined that nitrate limitation, 
common in marine environmental, increases phytoplankton sensitivity to the effects of UV-B 
radiation. 
These circumstances, when accompanying high magnitude temperature decrease in 
summer during the upper temperature range, or when they occur as temperatures descend in the 
autumn, can have a direct impact on juvenile quahog homeoviscous adaptation; data generated in 
thesis suggests the degree to which dietary EPA and DHA is diminished during these temperature 
ranges translates significantly to mortality. 
 
Oxygen saturation and sea-surface temperature 
Phytoplankton introduce a net increase of oxygen into marine systems, and although 
counterintuitive, they require ambient dissolved oxygen (DO) as they draw down from it during 
dark reactions of photosynthesis.  Warming temperature is associated with lower oxygen 
saturation, and lower dissolved oxygen availability.   
A continuous 50-year plankton survey shows a decline in dinoflagellate abundance with 
relatively no change in diatom abundance (Hinder et al. 2012).  The shift is attributed to increases 
in sea surface temperatures and increasingly windy conditions.  Long term reduction of primary 
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productivity may in part be related to lower oxygen saturation wrought by increasing ocean 
temperatures.  The changes have resulted in a lower dinoflagellate to diatom ratio, most 
prominently since 2006.  This shifting ratio commands strong influence on the DHA to EPA ratio, 
as particular abundances prevail at the phytoplankton group level (Kattner & Hagen 2009).   This 
trend is a forecast of increased vulnerability at the lower thermal range of the autumn decline, as 
dietary EPA becomes more abundant when DHA is the favorable homeoviscous n-3 HUFA.   
A ten-year set of satellite data analyzed by Doney (2006) also report declining 
phytoplankton biomass and growth associated with warming temperature and concomitant lower 
oxygen saturation of the ocean surface.  This data corroborate the overall decline in dinoflagellate 
abundance observed over 50 years by Hinder et al. (2012).  Olonscheck and co-authors (2013) 
attribute this decline to an increase in zooplankton grazing pressure at higher temperatures.    
 
Coastal eutrophication 
Eutrophic estuarine systems with high primary productivity tend to accommodate high DO during 
sunlight hours, peaking just before sundown often at supersaturated levels.  Just before sunrise DO 
levels reach a minimum from overnight respiration resulting in high levels of dissolved CO2 and 
concomitant swings in pH.   These abiotic factors may influence the dominant phytoplankton 
forms.  Oviatt et al. (1989) reported decreasing diatoms occurring in parallel with increasing 
dinoflagellates in the10 µm range under eutrophic conditions.  Lower diatom abundance in spring 
and summer months, associated with the upper temperature range, would tend to increase 
vulnerability of juvenile quahogs following episodes of rapidly decreasing temperature, as in the 
case described above from Greenfield and Lonsdale (2002). 
 
 144 
 
Discussion 
The themes presented in this thesis provide clear evidence that clams conform to well-described 
principles associating decreasing temperatures with indicators of stress.  Through decreasing 
temperature, homeoviscous adaptation is greatly enhanced by incorporation of favorable n-3 
HUFAs provided by naturally occurring phytoplankton.  Consequently, shifting phenology 
through seasonal successions influence their homeoviscous success.  
Assessment of the phytoplankton assemblage, specifically which group may be dominant, 
is a promising means of determining the potential homeoviscous success of juvenile quahogs 
through decreasing temperature.  Data generated in this thesis suggests that as autumn 
temperatures descend to winter lows, the specific sequence of diatoms-to-flagellates across the 
upper-to-lower thermal ranges may be a crucial factor to juvenile M. mercenaria survival.   For 
hatcheries or other aquaculture facilities with the equipment to culture phytoplankton, a simple 
weather forecast may deliver the opportunity to substantially improve survival.  Diets of first-year 
cultured quahogs remaining within the control of a hatchery or other aquaculture facility may be 
supplemented with algal species with favorable n-3 HUFAs specific to the forecasted temperature 
regime.   
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Appendix A 
 
Gas chromatograms of 37 FAME mix, EPA and DHA standards and October 19, 2011 
samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 146 
 
 
 
 
 147 
 
 
 
 
 148 
 
 
 
 
 149 
 
 
 
 
 150 
 
 
 
 
 151 
 
 
 
 
 152 
 
 
 
 
 153 
 
 
 
 
 154 
 
 
 
 
 155 
 
 
 
 
 156 
 
 
 
 
 157 
 
 
 
 
 158 
 
 
 
 
 159 
 
 
 
 160 
 
 
 
 
 161 
 
 
 
 
 162 
 
 
 
 
 163 
 
Appendix B 
 
Fatty acids of all Groups, A through E, and subgroups, wild and notata for the Preliminary 
Investigation of Chapter 2. 
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Time series fatty acids of Group A, wild (AW) and notata (AN) 
 
AW 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec AN 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec
% area % area % area % area % area % area % area % area % area % area % area % area % area % area
C4:0 - - - - - - - C4:0 - - - - - - -
C6:0 1.8 - - - 3.0 1.1 - C6:0 - 1.3 - - 2.7 1.2 2.3
C8:0 - - - - - - - C8:0 - - - - - - -
C10:0 - - - - - - - C10:0 - - - - - - -
C11:0 - - - - - - - C11:0 - - - - - - -
C12:0 - - - - - - - C12:0 - - - - - - -
C13:0 - - - - - - - C13:0 - - - - - - -
C14:0 - 1.2 - - - - - C14:0 - 1.1 - - - - -
C14:1 - - - - - - - C14:1 - - - - - - -
C15:0 - - - - - - - C15:0 - - - - - - -
C15:1 - - - - - - - C15:1 - - - - - - -
C16:0 10.6 13.5 16.1 19.3 5.5 14.6 14.8 C16:0 9.1 19.3 16.2 16.5 3.5 14.5 17.2
18.869 1.5 - 2.2 2.7 8.6 2.3 2.5 18.869 - - 2.4 2.3 8.0 2.3 2.1
C16:1 - - - 1.1 - - - C16:1 - - - - - - -
19.305 - - 1.1 1.4 4.3 1.1 1.3 19.305 - - 1.2 1.2 4.1 1.2 1.1
C17:0 1.2 - 1.9 2.0 - 1.6 1.9 C17:0 1.2 1.6 2.0 2.1 - 1.8 2.2
C17:1 1.9 - 2.2 2.2 8.2 1.9 1.6 C17:1 - - 2.1 2.0 8.0 1.7 1.7
C16:4n3 8.5 2.2 12.8 12.3 33.0 10.1 9.9 C16:4n3 5.7 5.8 1.2 10.8 34.6 9.5 9.2
C18 DMA 3.5 5.3 - - - - - C18 DMA
C18:0 6.8 9.1 5.5 8.5 1.3 5.1 5.8 C18:0 4.4 13.0 5.9 7.4 - 5.2 6.6
C18:1n9c 1.6 - - 2.4 - 2.8 3.0 C18:1n9c 1.4 - - 2.8 - 3.1 2.6
C18:1n9t - 3.1 2.7 - - - - C18:1n9t - 4.2 2.4 - - - -
C18:2n6c - - 1.4 1.2 - 1.6 1.4 C18:2n6c - 1.2 1.4 1.2 - 1.3 1.4
C18:2n6t 5.7 - - - - - - C18:2n6t - - - - - - -
C18:2n4 - 7.9 - - - - - C18:2n4 6.8 3.0 - - - - -
C19:0 - - - - - - - C19:0
C18:3n6 - - - - - 1.0 - C18:3n6 - - - - - - -
C18:3n3 - - 6.1 5.1 3.2 8.0 6.4 C18:3n3 - 4.5 6.8 5.1 4.0 6.3 5.9
C18:4n3 6.8 8.9 - - - - - C18:4n3 8.1 - - - - - -
C20:0 - - - - - - - C20:0 - - - - - - -
C20:1n9c 2.9 1.2 2.4 2.1 - 2.1 2.4 C20:1n9c 3.0 3.1 2.9 2.6 - 2.5 2.6
C20:1n9t - - 1.1 1.2 - 1.3 1.5 C20:1n9t - - 1.2 1.3 - 1.3 1.2
20:2iNMI - - - - - - - 20:2iNMI - - - - - - -
20:2jNMI - - - - - - - 20:2jNMI - - - - - - -
C20:2 8.0 9.2 1.8 1.8 - 1.9 1.9 C20:2 9.0 4.7 2.1 1.8 - 1.9 1.8
C20:3n6 - - - - - - - C20:3n6 - - - - - - -
C21:0 - - - - - - - C21:0 - - - - - - -
C20:3n3 1.8 1.2 2.2 2.0 - 3.2 2.1 C20:3n3 1.9 - 3.0 2.5 1.1 3.1 2.6
C20:4n6 - - - - - 1.1 - C20:4n6 - - - - - - -
C20:4n3 5.9 7.1 - - - - - C20:4n3 6.8 - - - - - -
C20:5n3 1.2 1.3 1.8 1.4 1.2 2.3 2.1 C20:5n3 1.2 1.1 2.4 2.0 1.3 2.2 1.9
C22:0 - - - - - - - C22:0 - - - - - - -
C22:1n9 - - - - - - - C22:1n9 - - - - - - -
22:2 NMIi 1.7 - 2.2 1.5 - 1.9 2.2 22:2 NMIi 1.5 1.6 2.4 2.3 - 2.1 -
22:2 NMIj 2.9 1.4 3.7 2.8 - 3.2 3.8 22:2 NMIj 2.5 3.0 4.5 4.1 - 3.7 5.1
C22:2n6 4.3 5.1 - - - - - C22:2n6 5.0 1.7 - - - - -
C22:2 - - - - - - - C22:2 - - - - - - -
C23:0 - - - - - - - C23:0 - - - - - - -
C24:0 - - - - - - - C24:0 - - - - - - -
C22:6n3 5.9 3.0 9.5 8.1 4.1 10.5 10.3 C22:6n3 5.2 5.4 12.2 10.3 3.7 10.5 8.7
C24:1n9 - - - - - - - C24:1n9 - - - - - - -
Unsat. index 158.1 104.6 196.8 175.9 212.8 204.6 197.5 Unsat. index 139.8 129.8 181.9 193.4 227.5 199.9 179.3
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Time series fatty acids Group B, wild (BW) and notata (BN) 
 
BW 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec BN 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec
% area % area % area % area % area % area % area % area % area % area % area % area % area % area
C4:0 - - - - - - - C4:0 - - - - - - -
C6:0 - - - - 1.2 - - C6:0 - - - - 2.6 - -
C8:0 1.4 - - 1.2 2.2 - - C8:0 - - - - - - -
C10:0 - - - - - - - C10:0 - - - - - - -
C11:0 - - - - - - - C11:0 - - - - - - -
C12:0 - - - - - - - C12:0 - - - - - - -
C13:0 - - - - - - - C13:0 - - - - - - -
C14:0 - - 1.8 1.3 1.7 1.4 1.8 C14:0 - - 2.9 1.6 2.0 2.5 2.9
C14:1 - - - - - - - C14:1 - - - - - - -
C15:0 - - - - - - - C15:0 - - - - - - -
C15:1 - - - - - - - C15:1 - - - - - - -
C16:0 13.9 9.5 16.4 21.7 5.2 20.1 21.9 C16:0 11.1 11.2 19.3 20.5 5.0 17.6 17.2
18.869 1.2 - 2.1 2.0 6.3 1.5 1.7 18.869 1.6 - 1.7 1.8 6.7 1.6 1.5
C16:1 - - 1.1 - - - 1.2 C16:1 - - 1.2 - - - -
19.305 - - - - - - - 19.305 - - - - 3.5 - -
C17:0 1.3 - 1.4 2.2 - 1.6 1.8 C17:0 1.3 - 1.5 1.6 - 1.2 1.2
C17:1 1.0 - 2.0 2.0 7.3 1.6 1.5 C17:1 1.7 - 1.9 1.8 7.2 1.3 1.1
C16:4n3 7.1 3.5 12.4 10.6 32.1 8.9 9.2 C16:4n3 8.0 2.7 9.8 9.8 33.3 7.7 7.3
C18 DMA C18 DMA 3.7 5.0 - - - - -
C18:0 9.4 5.3 4.0 7.4 1.0 5.1 5.2 C18:0 6.8 7.5 - 5.0 - 3.6 3.5
C18:1n9c - 2.1 - 3.7 1.4 4.3 5.4 C18:1n9c 1.9 - - - 1.4 - -
C18:1n9t 2.8 - 3.8 - - - - C18:1n9t - 2.5 4.5 4.5 - 5.6 6.0
C18:2n6c - - - - - - - C18:2n6c - - - - - - 1.0
C18:2n6t - - - - - - - C18:2n6t - - - - - - -
C18:2n4 4.4 8.2 - - - - - C18:2n4 5.8 - - - - - -
C19:0 C19:0 - 7.9 - - - - -
C18:3n6 - - - - - - - C18:3n6 - - - - - - -
C18:3n3 - - 1.1 - - - - C18:3n3 - - 1.5 - - 1.3 1.5
C18:4n3 5.2 9.6 - - - - - C18:4n3 6.7 9.4 - - - - -
C20:0 - - - - - - - C20:0 - - - - - - -
C20:1n9c 2.8 - 1.6 2.3 - 1.3 1.4 C20:1n9c 2.8 1.2 1.5 1.6 - 1.3 1.1
C20:1n9t - 1.0 1.7 2.6 - 2.6 2.8 C20:1n9t - - 2.0 2.6 - 2.3 2.3
20:2iNMI - - - - - - - 20:2iNMI - - - - - - -
20:2jNMI - - - - - - - 20:2jNMI - - - - - - -
C20:2 6.3 10.6 1.2 1.3 - 1.3 1.3 C20:2 7.8 10.2 1.1 1.4 - 1.3 1.3
C20:3n6 - - - - - - - C20:3n6 - - - - - - -
C21:0 - - - - - - - C21:0 - - - - - - -
C20:3n3 2.1 1.4 1.9 1.5 - 2.2 1.8 C20:3n3 1.7 1.1 1.7 1.8 - 2.6 2.5
C20:4n6 - - - - - - - C20:4n6 - - - - - - -
C20:4n3 4.5 8.0 - - - - - C20:4n3 5.6 7.9 - - - - -
C20:5n3 1.4 - 1.7 - 1.2 1.3 1.2 C20:5n3 - - 1.4 1.2 - 1.6 1.6
C22:0 - - - - - - - C22:0 - - - - - - -
C22:1n9 - - - - - - - C22:1n9 - - - - - - -
22:2 NMIi 1.5 1.7 - 4.4 - 3.9 3.6 22:2 NMIi 1.4 1.1 2.8 3.7 - 2.3 2.5
22:2 NMIj 2.4 1.7 2.9 4.9 - 3.4 3.3 22:2 NMIi 2.6 1.3 3.0 3.7 - 2.3 2.3
C22:2n6 3.2 6.0 - - - - - C22:2n6 4.0 5.9 - - - - -
C22:2 C22:2 - - - - - - -
C23:0 - - - - - - - C23:0 - - - - - - -
C24:0 - - - - - - - C24:0 - - - - - - -
C22:6n3 6.5 6.1 16.4 8.7 7.1 14.8 12.4 C22:6n3 4.4 4.0 13.8 13.1 6.3 17.0 17.4
C24:1n9 - - - - - - - C24:1n9 - - - - - - -
Unsat. index 148.4 143.6 213.4 159.9 228.7 190.5 175.9 Unsat. index 136.1 113.0 193.9 183.9 232.8 202.6 204.0
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Time series fatty acids Group C, wild (CW) and notata (CN) 
 
CW 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec CN 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec
% area % area % area % area % area % area % area % area % area % area % area % area % area % area
C4:0 - - - - - - - C4:0 - - - - - - -
C6:0 2.3 1.7 - 1.4 1.9 6.1 - C6:0 2.4 - - 1.2 2.6 1.1 -
C8:0 - - - - - - - C8:0 - - - - - - -
C10:0 - - - - - - - C10:0 - - - - - - -
C11:0 - - - - - - - C11:0 - - - - - - -
C12:0 - - - - - - - C12:0 - - - - - - -
C13:0 - - - - - - - C13:0 - - - - - - -
C14:0 1.0 - - - 1.1 - - C14:0 - - - - - - 1.1
C14:1 - - - - - - - C14:1 - - - - - - -
C15:0 - - - - - - - C15:0 - - - - - - -
C15:1 - - - - 2.1 - - C15:1 - - - - - - -
C16:0 16.0 10.6 16.7 16.2 6.7 19.8 - C16:0 7.8 11.5 15.3 19.9 5.3 18.2 17.9
18.869 1.6 - 2.0 2.1 6.4 2.0 - 18.869 1.8 - 2.0 2.0 8.1 2.2 1.9
C16:1 - 3.4 5.0 3.9 6.3 4.3 - C16:1 - 1.8 - 4.2 4.1 4.2 7.4
19.305 - - - 1.0 3.2 - - 19.305 1.0 - 6.1 1.0 3.6 1.0 -
C17:0 1.6 - 1.5 1.5 - 1.9 - C17:0 1.1 - 1.3 1.9 - 1.6 1.5
C17:1 1.5 1.1 1.9 2.4 7.0 3.0 - C17:1 2.1 - 1.7 1.9 7.6 2.2 1.4
C16:4n3 9.1 6.3 11.4 13.0 29.5 11.9 - C16:4n3 7.4 3.8 11.1 11.2 30.3 10.4 8.8
C18 DMA 2.3 2.8 - - - - - C18 DMA - - - - - - -
C18:0 10.6 4.6 - 6.7 1.4 8.2 - C18:0 4.0 7.2 4.8 8.0 1.4 7.1 6.0
C18:1n9c 3.0 1.5 - 2.0 - - - C18:1n9c 1.1 - 1.3 1.9 - 1.5 -
C18:1n9t - - 1.7 - - - - C18:1n9t - 1.8 - - - - 1.6
C18:2n6c - - - - - - - C18:2n6c - - - - - - -
C18:2n6t - - - - - - - C18:2n6t - - - - - - -
C18:2n4 - - - - - - - C18:2n4
C19:0 3.4 4.4 - - - - - C19:0 - - - - - - -
C18:3n6 - - - - - - - C18:3n6 - - - - - - -
C18:3n3 - - - - - - - C18:3n3 - - - - - - -
C18:4n3 3.9 5.2 - - - - - C18:4n3 7.8 9.0 - - - - -
C20:0 - - - - - - - C20:0 - - - - - - -
C20:1n9c 3.3 2.7 1.9 2.1 - - - C20:1n9c 2.9 1.3 1.8 2.6 - 1.3 1.6
C20:1n9t - - - 1.0 - - - C20:1n9t - - - - - - -
20:2iNMI - 6.3 - - - - - 20:2iNMI - - - - - - 1.9
20:2jNMI - - - - - - - 20:2jNMI - - - - - - -
C20:2 - - - 1.0 - - - C20:2 9.0 9.7 - 1.0 - - -
C20:3n6 - - - - - - - C20:3n6 - - - - - - -
C21:0 - - - - - - - C21:0 - - - - - - -
C20:3n3 1.6 1.4 1.7 1.7 - 2.7 - C20:3n3 1.8 1.0 1.5 1.5 - 1.8 1.9
C20:4n6 - - - - - - - C20:4n6 - - - - - - -
C20:4n3 3.4 4.9 - - - - - C20:4n3 6.5 7.6 - - - - -
C20:5n3 1.2 4.2 6.4 5.7 5.0 7.2 - C20:5n3 1.1 2.4 5.9 4.6 4.1 6.9 7.0
C22:0 - - - - - - - C22:0 - - - - - - -
C22:1n9 - - - - - - - C22:1n9 - - - - - - -
22:2 NMIi 1.5 1.4 1.6 2.0 - - - 22:2 NMIi 1.3 - 1.3 2.0 - 1.2 1.3
22:2 NMIj 2.6 4.4 5.1 8.3 - 11.4 - 22:2 NMIj 2.7 2.3 4.3 7.8 - 6.8 6.8
C22:2n6 2.4 3.5 - - - - - C22:2n6 4.8 5.6 - - - - -
C22:2 - - - - - - - C22:2 - - - - - - -
C23:0 - - - - - - - C23:0 - - - - - - -
C24:0 - - - - - - - C24:0 - - - - - - -
C22:6n3 5.2 6.5 12.6 10.3 4.5 9.0 - C22:6n3 4.5 3.1 9.7 7.3 3.6 10.8 9.7
C24:1n9 - - - - - - - C24:1n9 - - - - - - -
Unsat. index 134.2 165.0 173.5 205.1 221.3 192.5 0.0 Unsat. index 149.3 129.4 183.1 169.0 212.4 196.2 189.4
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Time series fatty acids Group D, wild (DW) and notata (DN) 
 
DW 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec DN 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec
% area % area % area % area % area % area % area % area % area % area % area % area % area % area
C4:0 - - - - - - - C4:0 - - - - - - -
C6:0 - 2.9 - 1.2 1.9 1.4 - C6:0 - - - - - - -
C8:0 - - - - - - - C8:0 - - - - - - -
C10:0 - 2.1 - - - - - C10:0 - - - - - - -
C11:0 - - - - - - - C11:0 - - - - - - -
C12:0 - - - - - - - C12:0 - - - - - - -
C13:0 - - - - - - - C13:0 - - - - - - -
C14:0 - - 1.4 1.1 1.1 - 2.4 C14:0 - 1.1 1.6 1.0 1.6 1.3 2.3
C14:1 - - - - - - - C14:1 - - - - - - -
C15:0 - - - - - - - C15:0 - - - - - - -
C15:1 - - - - - - - C15:1 - - - - - - -
C16:0 11.2 8.0 15.9 21.1 4.4 14.0 17.3 C16:0 6.6 14.1 18.2 18.6 4.6 16.4 18.3
18.869 - - 1.8 1.7 6.5 2.6 1.2 18.869 1.1 - 2.2 2.0 6.4 1.7 1.3
C16:1 - - - 2.8 3.3 1.4 7.0 C16:1 - 1.2 4.1 2.8 3.8 3.6 6.7
19.305 - - 4.3 - - - - 19.305 - - 1.1 1.0 2.8 - -
C17:0 1.2 - 1.2 1.6 - 2.5 - C17:0 - - 1.3 1.5 - 1.1 1.1
C17:1 - - 1.9 2.1 8.1 1.8 - C17:1 1.1 - 1.9 1.8 8.3 1.5 -
C16:4n3 4.6 5.1 11.9 11.1 34.4 10.7 6.0 C16:4n3 5.9 4.1 11.8 11.1 33.1 9.2 6.2
C18 DMA 4.6 4.7 - - - - - C18 DMA 6.0 4.2 - - - - -
C18:0 7.5 4.5 4.2 7.3 1.1 5.9 3.7 C18:0 4.1 8.4 4.0 5.6 - 4.5 3.9
C18:1n9c - 1.5 - 2.9 - 3.0 - C18:1n9t - - - 2.4 - 2.5 -
C18:1n9t 2.1 - 2.4 - - - 3.7 C18:1n9t 1.1 3.2 - - - - 3.5
C18:2n6c - - - - - - - C18:2n6c - - - - - - -
C18:2n6t - - - - - - - C18:2n6t - - - - - - -
C18:2n4 7.1 7.6 - - - - - C18:2n4 9.4 6.4 - - - - -
C19:0 - - - - - - - C19:0 - - - - - - -
C18:3n6 - - - - - - - C18:3n6 - - - - - - -
C18:3n3 - 4.0 - - - - - C18:3n3 - - - - - - -
C18:4n3 8.1 - - - - - - C18:4n3 11.0 7.5 - - - - -
C20:0 - - - - - - - C20:0 - - - - - - -
C20:1n9c 2.5 2.0 1.5 1.6 - 2.1 1.3 C20:1n9c 1.2 1.6 1.6 1.9 - 1.0 1.2
C20:1n9t - - 1.1 1.6 - 1.4 1.9 C20:1n9t - - 1.1 1.7 - 1.6 1.6
20:2iNMI - - - - - - - 20:2iNMI - - - - - - -
20:2jNMI - - - - - - - 20:2jNMI - - - - - - -
C20:2 9.1 10.5 1.0 1.3 - 1.3 1.0 C20:2 11.7 8.0 - 1.1 - - -
C20:3n6 - - - - - - - C20:3n6 - - - - - - -
C21:0 - - - - - - - C21:0 - 1.1 1.6 1.7 - 2.3 1.8
C20:3n3 1.2 1.8 1.6 - - 3.0 1.8 C20:3n3 - - - - - - -
C20:4n6 - - - - - - - C20:4n6 - - - - - - -
C20:4n3 6.7 7.8 - - - - - C20:4n3 9.1 6.1 - - - - -
C20:5n3 - - 4.7 3.1 2.5 2.9 5.1 C20:5n3 - 1.4 4.2 3.4 3.4 4.5 5.2
C22:0 - - - - - - - C22:0 - - - - - - -
C22:1n9 - - - - - - - C22:1n9 - - - - - - -
22:2 NMIi 1.3 1.5 1.8 2.3 - 2.7 1.6 22:2 NMIi - 1.1 1.7 2.5 - 1.9 1.4
22:2 NMIj 2.2 2.3 3.4 5.1 - 5.5 3.4 22:2 NMIj 1.1 2.0 3.5 5.5 - 4.0 3.2
C22:2n6 4.9 - - - - - - C22:2n6 6.8 4.4 - - - - -
C22:2 - - - - - - - C22:2 - - - - - - -
C23:0 - - - - - - - C23:0 - - - - - - -
C24:0 - - - - - - - C24:0 - - - - - - -
C22:6n3 3.1 4.4 15.8 10.5 4.4 13.4 12.9 C22:6n3 1.6 4.2 13.3 11.5 6.1 15.7 14.6
C24:1n9 - - - - - - - C24:1n9 - - - - - - -
Unsat. index 112.9 145.7 218.9 171.7 226.5 198.1 188.2 Unsat. index 130.5 126.2 201.5 186.8 237.0 208.4 193.8
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Time series fatty acids Group E, wild (EW) and notata (EN) 
 
EW 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec EN 5-Oct 19-Oct 2-Nov 16-Nov 30-Nov 13-Dec 21-Dec
% area % area % area % area % area % area % area % area % area % area % area % area % area % area
C4:0 - - - - - - - C4:0 - - - - - - -
C6:0 - - - - - - - C6:0 - 1.4 - - 3.3 1.2 4.8
C8:0 - - - - - - - C8:0 - - - - - - -
C10:0 - - - - - - - C10:0 - - - - - - 1.1
C11:0 - - - - - - - C11:0 - - - - - - -
C12:0 - - - - - - - C12:0 - - - - - - -
C13:0 - - - - - - - C13:0 - - - - - - -
C14:0 - - - - - - - C14:0 - - - - - - -
C14:1 - - - - - - - C14:1 - - - - - - -
C15:0 - - - - - - - C15:0 - - - - - - -
C15:1 - - - - - - - C15:1 - - - - - - -
C16:0 12.8 11.7 11.2 15.6 3.6 20.0 12.5 C16:0 10.2 16.5 15.2 13.7 4.4 13.9 18.4
18.869 1.3 - 2.3 2.5 8.8 1.9 2.1 18.869 1.3 - 2.6 2.7 8.5 2.7 2.2
C16:1 - - - 1.5 - 3.6 1.3 C16:1 - - 1.1 1.2 1.0 1.3 -
19.305 - - 1.2 - - - - 19.305 - - 1.5 1.6 4.9 1.7 1.3
C17:0 1.7 1.0 2.0 2.9 - 1.4 2.4 C17:0 1.4 1.7 2.8 2.6 - 2.6 3.6
C17:1 1.1 - 1.7 2.0 8.8 1.8 1.4 C17:1 - - 2.0 1.9 9.0 1.6 1.9
C16:4n3 8.1 3.8 10.9 10.7 31.4 9.5 8.6 C16:4n3 7.0 4.6 11.6 11.4 32.5 9.0 9.3
C18 DMA 2.1 4.8 - - - - - C18 DMA 3.0 2.7 - - - - -
C18:0 7.6 8.3 4.4 6.8 1.4 4.7 6.0 C18:0 5.9 11.5 6.1 6.5 - - 8.5
C18:1n9c 2.1 - - 3.1 - 2.9 3.0 C18:1n9t 1.4 - - 2.6 - 2.6 -
C18:1n9t - 3.3 2.1 - - - - C18:1n9t - 3.3 2.3 - - - -
C18:2n6c - - - - - - - C18:2n6c - - - - - - -
C18:2n6t 3.3 - - - - - - C18:2n6t 4.7 4.2 - - - - -
C18:2n4 - - - - - - - C18:2n4 - - - - - - -
C19:0 - - - - - - - C19:0 - - - - - - -
C18:3n6 - - - - - - - C18:3n6 - - - - - - -
C18:3n3 - - - - - - - C18:3n3 - - - - - - -
C18:4n3 - 8.6 - - - - - C18:4n3 5.5 - - - - - -
C20:0 - - - - - - - C20:0 - - - - - - -
C20:1n9c 4.2 1.9 2.1 2.9 - 1.3 2.2 C20:1n9c 3.5 3.0 2.7 2.9 - 2.8 3.2
C20:1n9t 1.0 - - 1.8 - 1.8 1.8 C20:1n9t - - 1.4 1.6 - 1.7 1.4
20:2iNMI - - - - - - - 20:2iNMI - - - - - - -
20:2jNMI - - - - - - - 20:2jNMI - - - - - - -
C20:2 5.3 9.4 1.1 1.6 - 1.0 1.3 C20:2 6.8 5.7 1.3 1.4 - 1.5 1.6
C20:3n6 - - - - - - - C20:3n6 - - - - - - -
C21:0 - - - - - - - C21:0 - - - - - - -
C20:3n3 2.5 1.2 2.2 2.7 - 1.8 3.6 C20:3n3 2.0 1.8 2.4 3.0 - 3.2 3.1
C20:4n6 - - - - - - - C20:4n6 - - - - - - -
C20:4n3 3.2 7.1 - - - - - C20:4n3 4.6 4.1 - - - - -
C20:5n3 1.9 - 2.6 2.4 1.9 3.9 3.3 C20:5n3 1.5 - 2.6 2.5 1.4 2.8 2.4
C22:0 - - - - - - - C22:0 - - - - - - -
C22:1n9 - - - - - - - C22:1n9 - - - - - - -
22:2 NMIi 2.3 1.1 1.9 2.8 - 2.3 - 22:2 NMIi 1.7 1.6 2.5 2.8 - 2.7 4.0
22:2 NMIj 3.8 1.8 3.7 5.4 - 4.7 5.3 22:2 NMIj 3.1 2.7 4.7 5.4 - 5.9 8.1
C22:2n6 - 5.3 - - - - - C22:2n6 3.3 2.9 - - - - -
C22:2 - - - - - - - C22:2 - - - - - - -
C23:0 - - - - - - - C23:0 - - - - - - -
C24:0 - - - - - - - C24:0 - - - - - - -
C22:6n3 9.7 3.5 12.8 10.8 5.8 12.8 13.6 C22:6n3 7.1 4.6 11.6 12.2 4.1 12.6 11.2
C24:1n9 - - - - - - - C24:1n9 - - - - - - -
Unsat. index 178.7 126.1 189.7 187.1 221.5 193.7 200.8 Unsat. index 160.5 123.8 193.7 198.4 212.0 201.7 180.9
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Appendix C 
 
Fatty acids for Groups A through C in the Supplemental Experiment of Chapter 3. 
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Molar % fatty acids of Group A juvenile M. mercenaria (notata) with standard deviations for 
each sampling date over the 65-day study. Means and standard deviations are for 3 samples 
per date.  Empty cells <1.0%. 
 
 
  
 
fatty acid 1 14 27 38 51 65
C16:0 11.7 ± 3.4 12.8 ± 0.8 12.0 ± 0.5 10.6 ± 1.3 11.5 ± 1.4 11.2 ± 0.6
C16:1n7c 1.2 ± 0.1 1.1 ± 0.1
C16:1n7t 1.8 ± 0.2 1.7 ± 0.0 2.0 ± 0.5 2.5 ± 0.6 2.3 ± 0.4 2.0 ± 0.3
C17:0 1.1 ± 0.2 1.1 ± 0.0 1.1 ± 0.3 1.1 ± 0.1
C17:1
C16:4n3 9.3 ± 0.3 9.2 ± 0.4 10.2 ± 1.3 12.1 ± 3.3 11.3 ± 3.6 10.5 ± 0.4
C18:0 4.7 ± 0.1 5.2 ± 0.2 5.0 ± 0.4 4.9 ± 0.9 4.3 ± 0.9 5.7 ± 0.7
C18:1n9c 1.9 ± 0.3 1.8 ± 0.2 1.9 ± 0.2 1.9 ± 0.3 1.9 ± 0.1  2.4 ± 0.3
C18:1n9t 1.5 ± 0.1 1.9 ± 0.0 1.3 ± 0.1 1.2 ± 0.1 1.3 ± 0.2
C18:2n6c 1.6 ± 0.0 1.5 ± 0.2 1.1 ± 0.0 1.3 ± 0.3 1.3 ± 0.1
C18:2n6t
C18:3n6
C18:3n3 2.3 ± 0.3 6.3 ± 0.3 5.8 ± 0.5 5.5 ± 0.5 6.3 ± 0.5 5.2 ± 0.2
C20:0
C20:1n9c 5.0 ± 0.3 2.5 ± 0.1 2.1 ± 0.0 1.9 ± 0.8 1.5 ± 0.3 1.7 ± 0.1
C20:1n9t 2.2 ± 1.4 1.7 ± 0.9 1.6 ± 0.6 1.2 ± 0.6 1.7 ± 0.9
C20:2n6 2.3 ± 0.0 2.8 ± 0.5 2.1 ± 0.3 1.8 ± 0.4 1.7 ± 0.2 1.8 ± 0.1
C20:3n6
C20:3n3
C21:0 3.1 ± 0.2 2.3 ± 0.2 2.7 ± 0.3 2.9 ± 0.5 3.6 ± 0.4 3.5 ± 0.2
C20:4n6
C20:5n3 3.3 ± 0.5 3.0 ± 0.2 2.8 ± 0.1 2.6 ± 0.2 2.8 ± 0.3 2.7 ± 0.1
C22:0
C22:1n9
22:2 NMIi 1.7 ± 0.2 1.6 ± 0.1 1.4 ± 0.2 1.5 ± 0.4 1.5 ± 0.2 1.8 ± 0.1
22:2 NMIj 5.6 ± 0.4 4.5 ± 0.1 4.4 ± 0.5 4.5 ± 1.1 4.4 ± 0.4 5.6 ± 0.5
C22:2n6
C23:0
C24:0
DHA 11.5 ± 1.7 10.4 ± 1.4 10.3 ± 0.7 9.6 ± 1.3 10.3 ± 1.5 11.3 ± 1.4
C24:1n9
Unsat Index 160.7 166.7 164.7 164.9 168.4 169.1
Day
Group A mean fatty acids of juvenile M. mercenaria  notata biomas
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Molar % fatty acids of Group B juvenile M. mercenaria (notata) with standard deviations for 
each sampling date over the 65-day study. Means and standard deviations are for 3 samples 
per date.  Empty cells <1.0%. 
 
 
  
 
fatty acid 1 14 27 38 51 65
C16:0 11.1 ± 1.1 12.2 ± 1.4 10.3 ± 2.3 15.7 ± 1.2 14.8 ± 1.2 13.3 ± 1.6
C16:1n7c 1.4 ±  0.2
C16:1n7t 1.8 ±  0.0 1.7 ± 0.2 2.5 ± 1.0 1.4 ± 0.2 1.7 ± 0.2 2.2 ± 0.4
C17:0 1.7 ±  0.1 1.2 ± 0.2 1.2 ± 0.0
C17:1 3.8 ± 4.6 4.3 ± 1.5 1.6 ± 0.2 2.8 ± 0.6
C16:4n3 8.1 ±  0.6 10.0 ±1.2 15.7 ± 5.6 9.3 ± 1.5 10.0 ± 3.2 14.7 ± 2.3
C18:0 4.7 ±  0.1 3.9 ± 0.5 3.0 ± 0.7 4.9 ± 0.4 3.2 ± 1.2 4.0 ± 0.5
C18:1n9c 2.0 ±  0.2 2.2 ± 0.2 2.9 ± 0.6 4.0 ± 0.5 3.0 ± 1.0 3.2 ± 0.4
C18:1n9t 1.5 ±  0.1 1.7 ± 0.4 1.2 ± 0.1
C18:2n6c
C18:2n6t
C18:3n6
C18:3n3 1.7 ±  0.2 1.4 ± 0.2 1.1 ± 0.1
C20:0
C20:1n9c 5.1 ±  0.1 2.9 ± 0.5 1.9 ± 0.6 2.1 ± 0.2 1.4 ± 1.4 1.4 ± 0.2
C20:1n9t 1.2 ±  0.1 1.4 ± 0.1 1.4 ± 0.5 2.3 ± 0.3 1.9 ± 0.2 1.9 ± 0.3
C20:2n6 2.3 ±  0.0 1.7 ± 0.2 1.5 ± 0.1 1.2 ± 0.1
C20:3n6
C20:3n3
C21:0 3.2 ±  0.2 2.7 ± 0.3 1.6 ± 0.5 2.0 ± 0.1 2.6 ± 0.4 2.2 ± 0.2
C20:4n6
C20:5n3 3.5 ±  0.4 2.3 ± 0.3 1.5 ± 0.3 1.6 ± 0.1 1.8 ± 0.2 1.4 ± 0.0
C22:0
C22:1n9
22:2 NMIi 1.7 ±  0.0 2.1 ± 0.4 2.1 ± 0.7 3.1 ± 0.3 2.5 ± 0.5 2.8 ± 0.4
22:2 NMIj 5.7 ±  0.0 3.7 ± 0.6 3.0 ± 0.8 3.9 ± 0.3 3.2 ± 0.6 3.6 ± 0.6
C22:2n6
C23:0
C24:0
DHA 13.1 ±  1.3 16.1 ± 2.9 11.7 ± 4.9 15.6 ± 1.3 18.6 ± 3.1 14.3 ± 0.8
C24:1n9
Unsat Index 166.5 177.8 170.7 171.2 187.1 179.9
Day
Group B mean fatty acids of juvenile M. mercenaria  notata biomass
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Molar % fatty acids of Group C juvenile M. mercenaria (notata) with standard deviations for 
each sampling date over the 65-day study. Means and standard deviations are for 3 samples 
per date.  Empty cells <1.0%. 
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Appendix D 
 
Detailed Analyses of Variance (ANOVAs) 
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Chapter 2 
Cumulative mortality Early-phase WILD 
 
 
Cumulative mortality Late-phase WILD 
 
 
Cumulative Mortality Early-phase WILD
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group A 3 11 3.666667 6.333333
Group B 3 362 120.6667 46.33333
Group C 3 17 5.666667 66.33333
Group D 3 25 8.333333 36.33333
Group E 3 75 25 247
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 29894.67 4 7473.667 92.87904 7E-08 3.47805
Within Groups 804.6667 10 80.46667
Total 30699.33 14
Cumulative Mortality Late-phase WILD
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group A 3 527 175.6667 65.33333
Group B 3 102 34 13
Group C 3 535 178.3333 16.33333
Group D 3 511 170.3333 82.33333
Group E 3 238 79.33333 444.3333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 53403.07 4 13350.77 107.4364 4E-08 3.47805
Within Groups 1242.667 10 124.2667
Total 54645.73 14
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Cumulative mortality Early-phase NOTATA 
 
 
Cumulative mortality Late-phase NOTATA 
 
 
 
 
Cumulative Mortality Early-phase NOTATA
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group A 3 26 8.666667 49.33333
Group B 3 148 49.33333 82.33333
Group C 3 13 4.333333 12.33333
Group D 3 36 12 1
Group E 3 75 25 189
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 3969.733 4 992.4333 14.85679 0.0003 3.47805
Within Groups 668 10 66.8
Total 4637.733 14
Cumulative Mortality Late-phase NOTATA
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group A 3 341 113.6667 217.3333
Group B 3 66 22 127
Group C 3 405 135 133
Group D 3 276 92 27
Group E 3 92 30.66667 8.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 30274 4 7568.5 73.81502 2E-07 3.47805
Within Groups 1025.333 10 102.5333
Total 31299.33 14
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DHA:EPA ratio 5 groups WILD 
 
 
DHA:EPA Ratio 5 groups NOTATA 
 
 
DHA:EPA 5 groups WILD
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 13.40478 4.468259 3.273948
B 3 29.43811 9.812704 0.15716
C 3 5.330877 1.776959 0.044279
D 3 11.8146 3.938199 0.956735
E 3 14.14068 4.713561 0.065279
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 105.0764 4 26.26911 29.20477 1.71E-05 3.47805
Within Groups 8.994801 10 0.89948
Total 114.0712 14
DHA:EPA 5 groups NOTATA
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 15.12783 5.042609 0.02912
B 3 29.56229 9.854096 1.097619
C 3 4.553408 1.517803 0.034327
D 3 9.642897 3.214299 0.018979
E 3 14.14656 4.715518 0.02563
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 116.6203 4 29.15508 120.9077 2.01E-08 3.47805
Within Groups 2.41135 10 0.241135
Total 119.0317 14
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Total mortality of Wild vs. Notata subgroups 
 
 
 
Group A Wild and Notata total mortality
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
W 3 537 179 39
N 3 354 118 421
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 5581.5 1 5581.5 24.26739 0.007894 7.708647
Within Groups 920 4 230
Total 6501.5 5
Group B Wild and Notata total mortality
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
W 3 445 148.3333 89.33333
N 3 191 63.66667 145.3333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 10752.67 1 10752.67 91.64205 0.000665 7.708647
Within Groups 469.3333 4 117.3333
Total 11222 5
Group C Wild and Notata total mortality
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
W 3 540 180 4
N 3 412 137.3333 166.3333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2730.667 1 2730.667 32.06262 0.004796 7.708647
Within Groups 340.6667 4 85.16667
Total 3071.333 5
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Group D Wild and Notata total mortality
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
W 3 532 177.3333 94.33333
N 3 304 101.3333 17.33333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 8664 1 8664 155.1761 0.000239 7.708647
Within Groups 223.3333 4 55.83333
Total 8887.333 5
Group E Wild and Notata total mortality
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
W 3 235 78.33333 1172.333
N 3 132 44 237
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1768.167 1 1768.167 2.509224 0.188355 7.708647
Within Groups 2818.667 4 704.6667
Total 4586.833 5
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Chapter 3 
No statistically significant differences in subgroups before administration of dietary treatments 
Groups A, B and C: EPA content before feeding 
 
 
Groups A, B and C: DHA content before feeding 
 
Groups A, B and C: EPA content before feeding
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column 1 3 0.09412 0.031373 2.14E-05
Column 2 3 0.10607 0.035357 1.65E-05
Column 3 3 0.11495 0.038317 1.69E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 7.28E-05 2 3.64E-05 1.992909 0.216922 5.143253
Within Groups 0.00011 6 1.83E-05
Total 0.000182 8
Groups A, B and C: DHA content before feeding
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column 1 3 0.32073 0.10691 0.000352
Column 2 3 0.3915 0.1305 0.000167
Column 3 3 0.36516 0.12172 0.000178
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000853 2 0.000426 1.836001 0.238729 5.143253
Within Groups 0.001394 6 0.000232
Total 0.002247 8
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Statistically significant differences in DHA:EPA ratios among all groups (A, B and C) after 
administering distinct dietary treatments 
Day 13 
 
 
Day 26 
 
Day 13: differences in DHA:EPA ratios among all groups
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 10.32 3.44 0.0804
B 3 20.89 6.963333 1.952533
C 3 6.17 2.056667 0.016233
ANOVA
Source of VariationSS df MS F P-value F crit
Between Groups38.40287 2 19.20143 28.11109 0.000897 5.143253
Within Groups4.098333 6 0.683056
Total 42.5012 8
Day 26: differences in DHA:EPA ratios among all groups
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 11.21 3.736667 0.014033
B 3 23.43 7.81 1.7977
C 3 5.13 1.71 0.0039
ANOVA
Source of VariationSS df MS F P-value F crit
Between Groups57.90942 2 28.95471 47.84233 0.000205 5.143253
Within Groups3.631267 6 0.605211
Total 61.54069 8
 181 
 
Day 39 
 
 
Day 52 
 
 
Day 39: differences in DHA:EPA ratios among all groups
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 10.85 3.616667 0.063233
B 3 29.83 9.943333 1.104133
C 3 5.4 1.8 0.0217
ANOVA
Source of VariationSS df MS F P-value F crit
Between Groups109.6409 2 54.82043 138.3113 9.57E-06 5.143253
Within Groups2.378133 6 0.396356
Total 112.019 8
Day 52: differences in DHA:EPA ratios among all groups
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 11.12 3.706667 0.029233
B 3 31.02 10.34 0.3997
C 3 4.79 1.596667 0.003033
ANOVA
Source of VariationSS df MS F P-value F crit
Between Groups124.8991 2 62.44954 433.7109 3.24E-07 5.143253
Within Groups0.863933 6 0.143989
Total 125.763 8
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Day 65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Day 65: differences in DHA:EPA ratios among all groups
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
A 3 12.75 4.25 0.1713
B 3 29.86 9.953333 0.335033
C 3 5.41 1.803333 0.001033
ANOVA
Source of VariationSS df MS F P-value F crit
Between Groups104.9367 2 52.46834 310.2392 8.78E-07 5.143253
Within Groups1.014733 6 0.169122
Total 105.9514 8
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Statistically significant differences between early- and late-phase cumulative, time-delayed 
mortalities  
Group B 
 
Group C 
 
 
 
 
Differences between early- and late-phase Group B mortalities
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group B Early 3 229 76.33333 37.33333
Group B Late 3 49 16.33333 10.33333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 5400 1 5400 226.5734 0.000114 7.708647
Within Groups 95.33333 4 23.83333
Total 5495.333 5
Differences between early- and late-phase Group C mortalities
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Group C Early 3 26 8.666667 192.3333
Group C Late 3 127 42.33333 52.33333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1700.167 1 1700.167 13.89782 0.020333 7.708647
Within Groups 489.3333 4 122.3333
Total 2189.5 5
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Group A: No statistically significant changes in 22:2 NMIs, EPA and DHA over time 
22:2 NMIs 
 
EPA  
 
Group A changes in 22:2 NMIs
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
28-Nov 3 0.22199 0.073997 1.6E-05
11-Dec 3 0.18236 0.060787 6.36E-07
24-Dec 3 0.17329 0.057763 4.93E-05
4-Jan 3 0.18172 0.060573 0.000224
17-Jan 3 0.17789 0.059297 2.55E-05
31-Jan 3 0.22098 0.07366 3.41E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000827 5 0.000165 2.835602 0.06456 3.105875
Within Groups 0.0007 12 5.83E-05
Total 0.001527 17
Group A changes in EPA
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
28-Nov 3 0.09412 0.031373 2.14E-05
11-Dec 3 0.09027 0.03009 4.14E-06
24-Dec 3 0.08296 0.027653 1.29E-06
4-Jan 3 0.0794 0.026467 2.53E-06
17-Jan 3 0.08331 0.02777 9.73E-06
31-Jan 3 0.07968 0.02656 7.5E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 5.92E-05 5 1.18E-05 1.78172 0.19113 3.105875
Within Groups 7.98E-05 12 6.65E-06
Total 0.000139 17
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DHA  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group A changes in DHA
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
28-Nov 3 0.32073 0.10691 0.000352
11-Dec 3 0.31115 0.103717 0.000205
24-Dec 3 0.31039 0.103463 5.23E-05
4-Jan 3 0.28779 0.09593 0.000159
17-Jan 3 0.30975 0.10325 0.000231
31-Jan 3 0.33916 0.113053 0.000187
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000467 5 9.34E-05 0.472008 0.790264 3.105875
Within Groups 0.002373 12 0.000198
Total 0.00284 17
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Appendix E 
Pertinent experimental data and text peripheral to hypotheses 
 
Preliminary Investigation (Chapter 2) 
Mean shell length measurements 
Mean shell length (MSL) is calculated as the mean of 3 subsets (triplicates) of the 2 subgroups 
(wild and notata) of 5 Groups (A through E) of all experimental juvenile M. mercenaria.  Changes 
in MSL is calculated as the difference of MSL from the first measurement taken on October 10 
and the final measurement taken on December 20.  There was a wide spectrum of MSL responses 
to decreasing temperature based on diet and genetic strain (Figure 1).  While standard deviations 
are available for mean values of sample pools from which subgroup MSLs are calculated, the 
changes in MSLs over time are calculated as the differences in MSLs from these mean values and 
therefore no standard deviations are available.   
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Figure 1. Overall changes in mean shell length (MSL) of 6 groups of juvenile M. mercenaria, 
wild and notata subgroups, during the declining temperature regime of Great South Bay, NY 
from October 5 to December 21, 2011.  There were no surviving individuals in Group C wild 
at the time of final MSL measurement.   
 
Caution should be exercised in interpreting the apparent degree of growth in certain 
subgroups; biased removal of either larger than average or smaller than average individuals from 
any group may lead to false assesment of “growth” or “shrinkage”, the latter being unlikely due to 
the nature of hard calcium carbonate shell structure.  Wild subgroups A, C and D experienced high 
mortalities , and apparent “shrinkage” may be a result of removal of many larger than average 
individuals as a result of mortality.  Groups E and F were fed from environmental seston which 
was dominated by a brown tide bloom and experienced the lowest mortality of all groups, but also 
experienced the greatest reduction in group MSL over the 72-day period of measurement.  In this 
case diminishing MSLs are most likely a reflection of the removal of larger individuals through 
mortality (see Discussion section on Mean shell length). 
Mean shell length response to diet through decreasing temperature 
The juvenile M. mercenaria, mean shell length (MSL) 8.13 ± 0.77 mm, selected for this study 
were spawned in spring 2011; larger individuals represented the faster growers of the cohort 
(Martin Byrnes pers. comm.).  Faster growers are associated with a higher metabolism and higher 
energetic demand than slower growers.  Degrees of metabolic demand are perceived through 
variations in electron transport activity (ETS) among groups.  Lower activity has been observed 
for the slower growing wild variety of M. mercenaria and higher levels in the notata variety 
selected for fast growth (Zarnoch & Sclafani 2010).    
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A study by Wikfors et al. (1992) found two groups of juvenile clams fed monoculture diets 
of Isochrysis galbana (high in DHA and low in EPA) exhibited fastest growth rates out of 19 
dietary treatments at optimal growth temperatures.  So it is not surprising that the sum of Group B 
wild and notata subgroups (monoculture of Tisochrysis lutea) demonstrated the highest positive 
growth over other diets during the study period (Figure 1).  Growth in that study was determined 
by mass increase, not changes in MSL.  Wild subgroups of both A and D demonstrated greater 
positive changes in MSL, but were afflicted with higher cumulative mortality over the study period 
(92%, 79% and 92% for A, B and D, respectively). 
The fatty acid profile of A. anophagefferens, the dominating species of natural seston, 
contains even higher molar percentages of DHA in both the logarithmic growth and stationary 
growth phases (Bricelj et al. 1989).  Yet Groups E and F experienced “negative” growth over the 
study period.  The divergent MSLs among Group B and the environmental groups (E and F) w.r.t. 
dietary DHA are best explained when the temperature range of M. mercenaria growth and brown 
tide’s inhibitive effect on their feeding are considered.  The lower temperature limit of northern 
quahog growth is 10°C (Laing et al. 1987), which was reached 24 days into this investigation.  
Therefore, growth would only be expected during the early-phase; temperature for the remaining 
38 days persisted below this threshold with few, short excursions above it.  Any recorded growth 
observed via MSL measurements would therefore seem sensible only before the threshold entering 
late-phase, October 29, 2011.  But during the early-phase, local waters were in the midst of a 
category 3 brown tide bloom, under which no significant growth of juvenile M. mercenaria would 
be expected in the environmentally fed groups, E and F, according to the Brown Tide Bloom Index 
(Gastrich and Wazniak 2002).  Indeed, no measured growth occurred in Groups E and F; rather, 
statistically significant losses in MSLs (P << 0.05) occurred over the study period. 
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Over the 72 days of measurement, MSL of the Group E wild strain showed a steady 
decrease of 0.49 mm over 72-days, and the notata decreased steadily by 0.62 mm over the same 
period (Figure 2a).  Final Group E MSL after feeding from environmental seston for the duration 
of the study (Category 3 during early-phase and Category 2 during late-phase) was 7.6 ±0.67 mm, 
and 7.4 ±0.57 mm for wild and notata subgroups, respectively.  Similarity among final MSLs of 
the 3 subsets of Group E wild subgroup were statistically strong (P = 0.56) and also for the notata 
subsets (P = 0.999).  Changes in MSL of Group F, which was placed in the environment at the 
beginning of the feeding trial and only retrieved for sampling at the end of the trial, also 
experienced statistically significant (P << 0.05) decreases over the course of the study period by 
0.80 mm and 0.76 mm for wild and notata, respectively (Figure 2b).  Final Group F MSLs were 
7.3 ±0.62 mm, and 7.4 ±0.67 mm for wild and notata subgroups.    
 
 
Figure 2a. 
 
 190 
 
 
Figure 2b. 
 
Figure 2a and b.  Time series plots of mean shell lengths (MSL) of a) Group E, which fed from 
natural seston in a laboratory tank temperature controlled form the natural environment, and 
b) Group F, which was set in a predator resistant cage on the bay bottom near Group E’s 
intake pipe.  Size distributions of these groups become progressively smaller through 
prolonged exposure to a persistently dense bloom of Aureococcus anophagefferens, brown tide.   
  
It is highly doubtful that shell shrinkage occurred over the period of investigation, so we 
explore the likelihood of larger individuals being removed from the sample pools.  Aside from the 
random selection of 9 individuals per biweekly sampling for fatty acid analyses (4% total removal 
of randomly selected individuals over entire study period), the only removal from group sample 
pools was for daily mortality.  Cumulatively, 41% dead individuals were removed from Group E 
and 18% from Group F for mortality.   Although environmental food abundance was not in 
question for Groups E and F due to the elevated presence of A. anophagefferens, it has been 
suggested that prolonged exposure to Category 2 and 3 brown tide inhibits feeding in juvenile 
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quhogs which would have physiological consequenses akin to starvation depending on the degree 
of inhibition (Gastrich and Wazniak 2002).   
 
Supplemental Experiment (Chapter 3) 
Mortality sizes 
Shell length sizes of expired individuals in each subgroup were recorded each day, and the sum of 
their mortalities at approximately 13 day intervals are presented graphically on days 14, 27, 38, 51 
and 65, concurrent with each biochemical sampling date (Figures 3a – f).   
 
 
Figure 3a. 
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Figure 3b. 
 
 
Figure 3c. 
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Figure 3d. 
 
 
Figure 3e. 
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Figure 3f. 
 
Figures 3a – f.  Average sizes of mortalities at 5 intervals throughout the study period in each 
subgroup subject to decreasing temperature (A, B and C) and their isothermal controls. 
 
 
Clearance rates and growth 
Clearance rates were expressed as total number of cells consumed per day divided by the total 
number of cells added to treatment vessels per day as described above in Methods.  These time-
series values are plotted with daily mortality and temperature to discern relationships among the 
three (Figures 4-6). 
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Figure 4a. 
 
 
Figure 4b. 
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Figure 4c. 
 
 
Figure 4d. 
 
Figures 4a - d.  Group A (a) daily clearance and average daily mortality, (b) daily clearance 
and daily mortality for isothermal subgroup, (c) daily clearance and average daily corrected 
mortality, and (d) mean shell lengths for Group A (n=3) and control. 
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Figure 5a. 
 
 
Figure 5b. 
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Figure 5c. 
 
 
Figure 5d. 
 
Figures 5a - d.  Group B (a) daily clearance and average daily mortality, (b) daily clearance 
and daily mortality for isothermal subgroup, (c) daily clearance and average daily corrected 
mortality, and (d) mean shell lengths for Group B (n=3) and control. 
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Figure 6a. 
 
 
Figure 6b. 
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Figure 6c. 
 
 
Figure 6d. 
 
Figures 6a - d.  Group C (a) daily clearance and average daily mortality, (b) daily clearance 
and daily mortality for isothermal subgroup, (c) daily clearance and average daily corrected 
mortality, and (d) mean shell lengths for Group C (n=3) and control. 
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